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Samenvatting
Vele ontdekkingen gebeuren bij toeval.
In 1888 deed Friedrich Reinitzer, een Oostenrijkse plantkundige, eeen
toevallige ontdekking. Terwijl hij cholesteryl benzoaat bestudeerde, een stof
die hij extraheerde uit wortelen, stelde hij een merkwaardige overgang tussen
de vaste en vloeibare aggregatietoestand van de stof vast. Die observatie was
de start van een onderzoeksdiscipline zonder dewelke onze wereld er vandaag
helemaal anders zou uitzien.
Sinds hun ontdekking worden vloeibare kristallen bestudeerd voor hun unieke
eigenschappen. Die eigenschappen hebben tot het ontstaan van een hele
reeks toestellen geleid: we vinden ze terug in bijvoorbeeld onze uurwerken,
thermometers, mobiele apparaten en beeldschermen. De lijst met toepassingen
wordt elk jaar langer. De beeldschermindustrie levert een belangrijk bijdrage
aan onderzoek naar vloeibare kristallen. Met de komst van 3D-cinema is
er nood aan beeldschermen die sneller zijn en meer functionaliteit hebben:
stereoscoop zicht vereist dat elk oog een lichtjes verschillend beeld te zien
krijgt. Voor een realistische 3D-ervaring moeten de beelden die onze ogen
waarnemen ook afhangen van de hoek waaronder we kijken. Een beeldscherm
zou daarom in staat moeten zijn om verschillende beelden in verschillende
richtingen te sturen en idealiter zelfs wanneer kijkers rond het scherm bewegen:
een display moet licht in de correcte richting kunnen “sturen”.
De afgelopen decennia hebben toepassingen voor lichtsturing hun opmars
gemaakt in verscheidene toepassingsdomeinen. Projectiesystemen, multi-
plexers voor telecommunicatie en optische netwerken zijn voorbeelden van
toepassingen waar snelle en nauwkeurige controle over de richting waarin
licht propageert nodig is. Apparaten die licht kunnen sturen en gebaseerd zijn
op vloeibare kristallen hebben tragere, mechanische lichtsturingsapparaten
vervangen in een reeks domeinen, zoals gezondheidszorg en biologie, en zullen
dit blijven doen omwille van hun unieke eigenschappen en het voortdurende
onderzoek ernaar in de scheikunde en natuurkunde, onderzoek dat gedreven
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wordt door onze drang om huidige technologieën te verbeteren en door onze
maatschappelijke noden.
In dit werk wordt een overzicht gegeven van hedendaagse lichtsturings- en
lenstechnologieën gebaseerd op vloeibare kristallen, en hun beperkingen.
Veelbelovend onderzoek wordt momenteel gevoerd naar polarizatiegratings,
toestelletjes die steunen op de eigenschappen van vloeibare kristallen en
fotoalignering. Onze aandacht gaat uit naar lichtsturingstechnologieën waar
een gradiënt in de optische padlengte (OPL) van een lichtgolf, die door het
vloeibaar kristal propageert, wordt geïnduceerd.
Om het toepassingspotentieel van lichtsturingscomponenten gebaseerd op
vloeibare kristallen te verbreden, wordt een nieuw fabricageproces gehan-
teerd waarin microscopisch gestructureerde optische substraten snel kunnen
worden nagemaakt op basis van “embossing”, of blinddruk. Fotoalignering,
een recent ontwikkelde contactloze aligneringstechnologie voor vloeibare kris-
tallen, wordt gebruikt om een homogene alignering van het vloeibaar kristal
op de microgestructureerde substraten te bekomen. Deze microstructuren
vormen, omwille van hun “blazed grating”-vorm, een elegante oplossing van
het probleem om een gradiënt in de OPL te bekomen. Complexe elektrische
sturingsmechanismen worden op deze manier vermeden. De hoekafwijking
van een lichtbundel invallend op deze apparaten, wordt analytisch bere-
kend, zowel in transmissie als in reflectie, en het wordt aangetoond dat
deze proportioneel is met het product van de helling van de grating en de
dubbelbrekendheid van het vloeibaar kristal. Een goede overeenkomst tus-
sen de metingen op een reflectieve grating en de analytische berekeningen
wordt aangetoond: voor een blazed grating met een helling van 10° wordt
in combinatie met een vloeibaar kristal met een dubbelbrekendheid van
0.21, een uitwijking van een loodrecht invallende laserstraal gevonden van
bijna 5.3°. Die uitwijking wordt teweeg gebracht door het aanleggen van
een elektrische spanning van 10V over het vloeibaar kristal. Sturing naar
tussengelegen hoeken wordt ook gedemonstreerd. Hoewel deze hoeken niet
indrukwekkend lijken, worden lichtsturingsapplicaties gebaseerd op vloeibare
kristallen die over een continu bereik aan grote hoeken kunnen sturen, zoals
van 45° tot −45°, altijd gerealiseerd door de combinatie van op zijn minst één
kleine-hoek lichtsturingscomponent, die over een continu bereik kan sturen,
en minstens één brede-hoek lichtsturingscomponent, die licht enkel kan sturen
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naar een beperkt aantal voorbepaalde hoeken. Brede-hoek lichtsturingscom-
ponenten worden niet behandeld in dit werk, maar hun werkingsprincipes
worden wel uitgelegd. De gerealiseerde grating wordt ook gebruikt in een
hybride-opstelling waarin de gereflecteerde lichtbundel kan gestuurd worden
over verscheidene diffractieordes, maar ook volledig langs de grating kan
worden gestuurd door totale interne reflectie (TIR). Dit kan handig zijn in bv.
noodverlichting die ook dienst doet als richtbaar omgevingslicht.
Om de experimentele resultaten te staven, worden numerieke simulaties
veelvuldig gebruikt. Ze dienen daarnaast ook als middel om snel ideeën te
kunnen verifiëren. Als onderdeel van het gesubsidieerd onderzoek werd een
software-uitbreiding geschreven voor de op eindige-elementen gebaseerde
software van de onderzoeksgroep die toelaat om het gedrag van vloeibare
kristallen in de nabijheid van een resistieve elektrode met arbitraire con-
ductiviteit te kunnen simuleren. Dit laat een nauwkeurige modellering toe
van lichtsturende apparaten die op vloeibare kristallen zijn gebaseerd en die
gebruik maken van elektrodes met hoge resistiviteit om een gradiënt in het
elektrisch veld door het vloeibaar kristal te bekomen, een aanpak die wordt
onderzocht door enkele onderzoeksgroepen.
Daarnaast wordt een nieuwe technologie verkend die een van de beperkingen
van multi-elektrode apparaten overkomt: het beperkte gebied waarin een
vloeibaar kristal wordt beïnvloed door een kleine elektrode. De hier voorge-
stelde technologie gebruikt diëlektrica die een hoge permittiviteit vertonen
en die kunnen gedeponeerd worden door middel van sol-gel depositie over
een rij elektrodes die op een glazen substraat zijn gelegen. Het effect van
de diëlektrische laag op de ruimtelijke verdeling van de director van het
vloeibaar kristal in een multi-elektrode planair lichtsturingsapparaat wordt
geanalyseerd met behulp van een polarisatiemicroscoop en elektro-optische
simulaties. De technologie wordt gebruikt om een lichtsturingsapparaat ge-
baseerd op vloeibare kristallen te vergelijken met een gelijkaardig toestel
waarin de diëlektrische laag niet aanwezig is: waardat het referentieapparaat
nauwelijks een lichtbundel kan sturen, kan het apparaat met de diëlektrische
laag een invallende laserstraal doen afwijken over iets meer dan 4°.
Ten slotte wordt een vlakke lens gebaseerd op vloeibare kristallen gedemon-
streerd. De brandpuntsafstand van de lens kan elektrisch worden aangepast.
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De lens is voorzien van een beperkt aantal elektroden, om de complexiteit van
de adressering te beperken, maar gebruikt de technologie met diëlektrische
lagen om de gradiënt in het elektrisch veld tussen de ver uiteenliggende
elektrodes te verbeteren. Analyse van de retardatie tussen elektrodes door
middel van de polarisatiemicroscoop bevestigt de waardigheid van het ge-
bruik van diëlektrische lagen met hoge permittiviteit als mogelijk alternatief
voor transparante geleidende metaaloxides, zoals indium tin oxide (ITO), in
toepassingen gebaseerd op vloeibare kristallen waar een oppervlak wordt
onderverdeeld in kleinere eenheden die op dezelfde elektrische potentiaal
moeten staan. De analyse toont ook dat domeinmuren in vloeibare kristal-
len, die typisch voorkomen aan de rand van een elektrode, kunnen worden
voorkomen. Dit wordt numeriek geverifieerd en een aantal ontwerpregels
om de gradiënt van het elektrische veld in multi-elektrode apparaten te ver-
beteren, worden voorgelegd. De lenswerking wordt geverifieerd door een
gecollimeerde lichtbundel te focusseren tot een kleine stip. De grootte van
die stip wordt opgemeten en vergeleken met de stipgrootte van een door
diffractie gelimiteerde lens. Verder wordt de aanpasbaarheid van de focale
lengte aangetoond door dezelfde lens een straal te doen focusseren op een
afstand van 4.4 cm en 7.4 cm van de lens.
De combinatie van een materiaal met hoge diëlektrische constante en een
vloeibaar kristal werd voor de eerste keer aangetoond in dit werk: bij ons
beste weten is het niet eerder gedemonstreerd. De techniek illustreert dat het
elektrisch veld in een vloeibaar kristal homogener kan worden gemaakt door
een dunne diëlektrische coating die een hoge diëlektrische permittiviteit bezit,
wat een gelijkaardig effect heeft als een geleider tussen de elektrodes, maar
niet zo energieverbruikend is.
Summary
Many discoveries are made by accident.
In the year 1888 Friedrich Reinitzer, an Austrian botanist, made an
accidental discovery. While studying cholestery benzoate, a substance he
extracted from carrots, he noticed an unusual transition between the solid
and liquid state of matter. That observation was the start of research without
which our world would look entirely different.
Since their discovery, liquid crystals (LCs) have been studied by researchers
for their unique properties. These properties have led to the creation of a
multitude of devices: we can find them e.g. in our watches, thermometers,
mobile phones and monitors. The list of applications becomes longer every
year. As a mass-consumer item, displays provide an incentive to fund liquid
crystal research. With the advent of 3D cinema, we need displays to be faster
and to have more functionality: stereoscopic vision requires that each eye
observes a slightly different image. For a realistic 3D experience, the images
served to our eyes should also depend on the viewing angle. A display should
therefor be able to shine different images to different directions and ideally
when viewers are moving: a display should “steer” light in the right direction.
Over the last few decades, beam-steering applications have made their
way into the mainstream market. Projection systems, telecommunication
multiplexers and optical switchboards are all applications where accurate and
fast control over the direction in which light propagates is desired. Liquid
crystal beam-steering devices have been replacing slower, mechanical beam-
steering technologies in a number of fields, like healthcare and biology, and
will continue to do so because of their unique properties and continuous
research in their chemistry and physics, research that is driven by our desire
to improve current technologies and societal needs.
In this work, an overview will be presented of current-day LC beam-
steering and lensing technologies and their limitations. Exciting progress
is being made with polarization gratings (PGs), devices that rely on the
anisotropic properties of liquid crystals and photoalignment. Our attention
will be focused on beam-steering technologies where a gradient in the optical
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path length (OPL) of a light wave propagating through the LC structure will
be induced.
To extend the application potential of LC-based light steering components,
a new fabrication process is utilized in which microstructured optical sub-
strates can be replicated fast through embossing. Photoalignment, a recently
developed non-contact liquid crystal alignment technology is used to ensure
homogeneous alignment of LC on top of the microstructured substrates. Due
to their shape, these microstructures, blazed gratings, form an elegant solution
to the problem of generating a gradient OPL. Complex electronic addressing
schemes of the liquid crystal are avoided. The beam deviation angle for this
class of devices, when used in transmission as well as reflection, is calculated
analytically and shown to be proportional to the product of the slope of the
grating and the birefringence of the liquid crystal. Good agreement between
the measurements on a reflective grating configuration and the analytical
calculations is found: for a blazed grating with a slope of 10° in combination
with a liquid crystal with birefringence 0.21, a normally incident laser beam
is deflected over nearly 5.3° by applying 10V over the device. Steering to
intermediate diffraction orders is also demonstrated. While these angles may
not seem impressive, liquid crystal beam-steering devices that steer over a
continuous range of large angles, say 45° to −45°, are always implemented
using at least one small-angle continuous beam-steerer and at least one wide-
angle beam-steering device that steers only to a limited number of predefined
angles. Wide-angle beam-steering devices are not pursued in this work, but
their principles are explained. The fabricated grating is also used in a hybrid
configuration where the reflected beam can be steered over several diffraction
orders, but can also be deflected entirely along the grating due to total internal
reflection (TIR). This could prove useful in e.g. emergency lighting that also
doubles as directed ambient lighting.
To support the experimental findings and serve as tools for rapid idea
verification, numerical simulations will be used extensively. As part of
the funded research, an extension to the research group’s finite-element
method (FEM) numerical codebase has been written that allows simulating
the behaviour of the liquid crystal in the presence of an electrode with an
arbitrary conductivity. This allows an accurate modelling of LC beam-steering
devices that utilize highly resistive electrodes to generate a gradient in the
electric field flowing through the liquid crystal, an approach that is still being
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pursued by several research groups.
Further, a new technology is explored that overcomes one of the limitations
of multi-electrode LC devices: the limited range in which a liquid crystal can
be influenced by a small electrode. The technology proposed here utilizes
high-𝜅 dielectrics that can be deposited over an array of electrodes lying on
top of a glass substrate by means of chemical solution deposition (CSD). The
effect of the dielectric layer on the liquid crystal’s director distribution in a
multi-electrode LC planar beam-steering device is analysed using polarized
light microscopy and electro-optical simulations. The technology is used to
create an LC beam-steering device that is compared to a similar device without
the high-𝜅 dielectric layer: whereas the reference beam-steerer shows almost
no beam deflection, the device with the high-𝜅 material coating deflects an
incident laser beam over a bit more than 4°.
Finally, a liquid crystal lens with electrically tunable focal length is demon-
strated. It features a limited number of electrodes, to keep the addressing
complexity low, but uses the high-𝜅 dielectric layer to improve the gradient
in the electric field between the widely spaced electrodes. Analysis of the
retardation between electrodes using polarized light microscopy confirms the
viability of using high-𝜅 dielectrics as a possible alternative to transparent
conductive metal oxides, such as indium tin oxide (ITO), in LC applications
where an area is subdivided in smaller units that should be at the same po-
tential. The analysis also shows that domain walls in liquid crystals, which
occur typically at the edge of an electrode, can be prevented. This has been
verified numerically and a number of design rules to improve the electric
field gradient in multi-electrode LC devices are provided as a result of these
simulations. The lensing operation is verified by focusing a beam down to
a narrow spot. The spot size is measured and compared to the spotsize of
a diffraction limited lens. Furthermore, the tunable focal length feature is
demonstrated by having the same lens, about half a millimeter in diameter,
focus a beam at a distance of 4.4 cm and 7.4 cm from the LC lens.
The combination of high-𝜅 materials with liquid crystals is a first: to the
best of our knowledge, it has not been demonstrated earlier. The technique
illustrates that the electric field in a liquid crystal cell can be made more
homogeneous by a thin high-𝜅 material coating, similar to the effect of a
conductive material between electrodes, but because of its dielectric nature,
not as power consuming.
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Introduction
The goal of this chapter is to provide context and motivation of this work. An
introduction to liquid crystals and current beam-steering technologies is also
provided, without going into mathematical details.
1.1 Applications involving
beam-steering
1.1.1 The need for beam-steering
In the modern world, humanity has discovered ways to manipulate electro-
magnetic waves to improve the comfort in our daily lives. We can tune into
a television stream sent down from a satellite by using directional receiver
antennas, send control signals through the electrical network of our houses,
listen to radio signals that are being broadcast continuously and switch be-
tween different radio signals all with the flick of a button. In these examples,
we rely on modulating the frequency or amplitude of electromagnetic waves.
We can also manipulate other properties of electromagnetic waves. Light,
being an electromagnetic wave, is a good example, because we all have a
basic familiarity with it. Who hasn’t used a lens to image some scenery? Or
used a mirror to look at their own reflection? These two examples are the
simplest forms of manipulating the direction of light. But in our modern world,
changing the direction of light is done for a great variety of reasons and on
scales that range from the extraterrestrial down to the microscopic world:
satellites intercommunicate using lasers that scan regions of space [1–5], the
internet backbone runs through optical fibers that allow laser signals to travel
over the ocean floors and resurface on a different continent [6], solar energy
farms track the position of the sun and rotate mirrors accordingly and novel
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endoscopes allow readjusting the focal plane without moving the endoscope
itself [7, 8]. Even closer to home are laserprinters in which a laser continuously
scans lines of the paper or compact zoom lens technology that could be used
in the next-generation mobile devices [9–11]. Many technologies are being
developed where being able to redirect light plays an important role.
In these examples beams or light rays are being steered in a broad sense
of the word “beam-steering”. In the case of the optical fiber backbone of the
internet though, the “steering” is done passively: light inside the fiber is merely
guided through it and resurfaces at the other end, we do not exert control over
the direction in which it radiates, unless we mechanically reposition the fiber
end. In this dissertation, beam-steering has a narrower meaning: to affect the
direction in which light propagates by altering its phase spatially.
Some of the phase-changing technologies given earlier rely on a mechanical
intervention to redirect light. The solar energy farms for example, use
electricity to drive motors that rotate the mirrors. The use of mechanical
components has several downsides: the components degrade due to their
exposure to the elements and normal wear and tear, so recurring maintenance
is required. The speed with which they redirect light is proportional to the size
of the mechanics: microelectromechanical systems (MEMS) suchs as digital
micromirror devices (DMDs) can flip microscopically small mirrors in several
microseconds [12], while the full rotation of radiowave antennas used in radar
systems is on the order of tens of seconds [13, p. 404].
A technology exists where the emission or redirection of an electromagnetic
wave does not require any mechanical intervention. Instead, electrical signals
that are slightly out of phase with one another are applied to an array of
antennas. The resulting wave pattern can be radiated into a specific direction
by adjusting the phase. Even mechanical waves, such as waves in water, can
be directed using a similar mechanism: in an undeep bath of water tapping
one’s fingers at the same time repeatedly in the water creates a wave that
propagates away from the hand, perpendicular to the line of fingers. Yet, by
tapping one finger in the water, e.g. the index, and a split second later its
neighbor and then the neighbor of that neighbor and so on, one creates a wave
that propagates in a different direction. In antenna theory, this is known as a
phased array antenna [14] and stems from Huygens’ principle that every point
on a wavefront acts as a source for secondary waves. Optical phased arrays are
the optical analogue of this technology. Beam-steering using optical phased
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arrays (OPAs), can be done in a variety of ways, such as mechanically, using
e.g. pistons in deformable mirrors, magnetically [15] or thermally [16]. In
this dissertation, we only consider electro-optic beam-steering. In this latter
category, liquid crystals (LCs) play an important role.
1.1.2 State of the art
In the current landscape, several manufacturers have brought devices to
the market that excel in some aspects of beam-steering or in the closely
related field of tunable lensing. The aspects that are usually compared are
the switching speed, the power requirements or the required voltages, the
resolution, the tunable range and the aperture size. With that many aspects
to compare, it is difficult to find a single device that performs well in all
categories. Tables 1.1 and 1.2 highlight a number of recent applications and
list their published results. What these tables show is that light beams can
already be steered to very large space angles, even fairly wide beams. Tunable
lenses have been demonstrated that can go from an unfocussed state to one
where the focal length is typically a few times the size of the clear aperture
diameter.
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Table 1.1: State of the art beam-steering devices
Company / Product
Technology /
working principle
Field of View Switching speed Notes
Boulder Nonlinear
Systems [17]
Liquid crystal
polarization grating
80° × 80° <10ms at 1550nm
5 cm× 5 cm input beams, 1°
resolution using a small-angle
beam-steering device possible, high
efficiency
Vescent Photonics /
SEEOR [18, 19]
Liquid crystal
cladded waveguide
30° × 5° 50ms
purely analog steering in a
waveguide
Table 1.2: Comparison of some commercially available tunable lens devices
Company / Product
Technology /
working principle
Clear
Aperture
Focal length range
Switching
speed
Power / voltage
requirements
Optotune /EL-10-30
[20]
Shape changing
polymer lenses 10mm–25mm
120mm to 15mm 2.5ms
0W to 1.1W,
0mA to 300mA, 5V
Holochip / APX1007
[21]
Shape changing
polymer lenses
10mm 400mm to 1000mm 10ms
< 175mA and 5V,
so ±1W
Lensvector[22] Liquid crystal ∼ 2mm ∞ to 10 cm 1 s unspecified
Varioptic / Arctic
39N0 family [23]
Electrowetting ∼ 4mm ∞ to 7 cm ∼ 30ms 38V–60V
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1.1.3 Purpose of this work
The work presented in this thesis focuses on optical components for switching,
steering and focusing light using liquid crystals. In particular, new techniques
are studied that enable the coming of a new generation of liquid crystal
beam-steering devices and tunable lenses. Strengths and weaknesses of these
techniques are listed, as a guide for possible follow-up research. How the
liquid crystal performs using these new techniques and what the implications
are of that on several beam-steering parameters is studied using both numerical
simulations and experimental results, all of which are listed in this dissertation.
All of the work presented is also used in the Strategic Basic Research project
SECONDOS, in which “Smart electro-optical components for the direction of
solid-state light” are researched and which is funded by the Flemish Institute
for Science and Technology (IWT) under grant number SBO 120019.
In the SECONDOS project 3 academic partners, CMST (Ghent University),
the Center for MicroSystems Technology, LCP (Ghent University), the Liquid
Crystals and Photonics group and B-Phot (Vrije Universiteit Brussel), the
Brussels Photonics team, collaborate with the industrial partner ETAP to
“extend the application potential of light steering components based on liquid
crystal material, by demonstrating devices that overcome the main limitations
of the current state-of-the-art components” [24]. The partners are counseled
from an industrial insight by the industrial advisory committee (IAC), which
consists of the following companies: Anteryon, LC-Tec, TP Vision, Barco, ADB
Lighting Technologies, KLA-Tencor, EcoNation, and Schréder. Representatives
of the project Groen Licht Vlaanderen are also included in the IAC.
The work is also performed under the umbrella of the electro-optical
particle manipulation driver of the Center for Nano- and Biophotonics at
Ghent University. The work has also received funding from the Interuniversity
Attraction Poles program of the Belgian Science Policy Office (IAP P7-35).
1.2 Introducing liquid crystals
The work presented in this thesis assumes the reader has basic familiarity
with nematic liquid crystals. Those who are familiar with the matter may skip
this subchapter and head over to the next subchapter that provides relevant
information on the current state of beam-steering technologies in which liquid
crystals play a role.
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This subchapter will only provide the most basic background information
to understand the devices and simulations discussed in the next chapters. For
more information, the reader is referred to the excellent literature already
available on the topic [25, 26].
1.2.1 Nematic liquid crystals
Most people are familiar with three states of matter that are commonly
observed in daily life. These are the solid, liquid and gas states, of which ice,
water and water vapour are prime examples. Some may even be familiar with
the plasma state, which is not observed as often as the others, but may easily
be produced in a microwave oven when a sharp metallic object is inside it.
The stars, including the sun, are also plasmas, as are candle flames.
A liquid crystal (LC) is a material that is in a liquid state: it cannot be
easily compressed, but flows and assumes the form of the container it is in, like
water in a bottle. Unlike water though, it also exhibits properties of a solid,
like anisotropy and optical birefringence. Because of this, liquid crystals are
also known as mesomorphic phases: they are an intermediate form between
solid and liquid.
Figure 1.1 shows the chemical structure of N-(4-Methoxybenzylidene)-
-4-butylaniline (MBBA), a molecule of an organic compound that exhibits
a liquid crystalline phase at room temperature. The molecule has a rather
large aspect ratio: it is much longer than it is wide. This anisotropic shape
gives rise to preferred orientations of nearby molecules. So although the
molecules are not fixed in space like with a solid, they tend to point in the
same direction, so they exhibit a certain degree of orientational order. The
chemical structure also reveals a large cluster of electrons that are delocalized
in the conjugated system that exists of the overlapping p-orbitals in the two
aromatic rings and the p-orbital in the double bond of nitrogen, which is used
as a linking group between the two rings. Because the electrons in such a
system can be delocalized easily, the molecule is said to have a large electric
polarizability, 𝛼, which expresses the tendency to have the charges displaced
by an electric field. The polarizability is bigger along the axis of the molecule,
𝛼∥ > 𝛼⟂, so the molecule’s properties are anisotropic as well. These two
features, the anisotropic molecular shape and large molecular polarizability,
are characteristic for liquid crystals.
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Fig. 1.1: Chemical structure of N-(4-Methoxybenzylidene)-4-butylaniline
(MBBA), an organic substance that exhibits a nematic liquid crystalline phase.
Nematic liquid crystals are one of many mesomorphic phases that exist in
nature. The orientation in a small volume is represented by what is known
as the director, ?⃗?, a headless vector (?⃗? = −?⃗?) that indicates the spatial
and temporal average of the orientation of the liquid crystal molecules. The
director is often drawn schematically as a cylinder, or rotationally symmetric
stick, which stresses its main properties.
Conceptually, nematic liquid crystals, or nematics, are the easiest
mesophase to understand: there is only long-range orientational order of
the director. In other mesophases, the director may be stratified, like with
smectic liquid crystals, or may rotate about an axis, like with chiral nematics.
Figure 1.2 shows conceptually what order in these phases is like. Many more
liquid crystal phases exist, but in this thesis, only ordinary nematic LCs are
considered for simulations and experiments. They are often found in displays.
When the director points in the same direction throughout the liquid
crystal, the LC is said to be undeformed. Deformations of the director occur
often and can be induced by applying e.g. an electric field over the liquid
crystal. The deformations can be described in terms of three basic types,
(a) (b) (c)
Fig. 1.2: Schematic illustration of mesogens in several liquid crystal phases:
(a) ordinary nematic phase, (b) smectic A phase, (c) chiral nematic phase.
Images retrieved from [27], made by Kebes, licensed under CC BY-SA 3.0.
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which are known as splay, twist and bend deformations and are illustrated in
figure 1.3.
1.2.2 Birefringence
Because of the tendency of liquid crystal molecules to align their long axis in the
same direction, liquid crystals exhibit anisotropic properties on a macroscopic
scale. One such property is birefringence, which is related to a material’s
refractive index, 𝑛. The refractive index of a medium is a measure for the
speed of light as it propagates through that medium. It plays an important
role when light refracts at an interface between two media and leads to the
observation that a spoon in a half-filled glass of water appears sharply bent.
The refractive index of a material can be related to the electric polarizability
of the molecules of that medium, so for a medium with anisotropic molecular
polarizability where the molecules tend to point in the same direction, the
refractive index is expected to be different along different directions as well. If
the refractive index of a material depends on the polarization and propagation
direction of light, the material is said to be birefringent.
A simple experiment can be used to illustrate birefringence in a liquid
crystal: shine the beam of a laser pointer on a wedge filled with homogeneously
aligned liquid crystal and rotate the laser pointer about its axis, as shown in
figure 1.4. At specific rotation angles a single beam emerges from the wedge,
but in general there are two beams emerging. If the cell were filled with an
isotropic material, only a single beam would emerge.
The beams from laser pointers are often polarized*, meaning the electric
field of the light beam oscillates in a specific plane. The reason the beam
splits in two orthogonally polarized beams is that the part of the electric field
that oscillates in a plane parallel to the director experiences a refractive index
(a) (b) (c)
Fig. 1.3: The three basic deformations in nematics: (a) splay, (b) twist and (c)
bend deformation.
*Laser pointers are not always polarized though, in which case the two beams in the experiment
shown in figure 1.4 will always be visible, no matter the rotation angle.
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𝑛∥ = 𝑛e
𝑛⟂ = 𝑛o
𝑛iso
Fig. 1.4: Birefringence visualized: two beams emerge from a wedge cell
filled with a homogeneously aligned nematic LC. The beams have orthogonal
polarizations, as indicated by the arrows. By heating up the LC to above its
nematic–isotropic transition temperature, only a single beam will be present,
which is at an angle in between the angles of the extraordinary and ordinary
beam.
𝑛∥, whereas the part that oscillates in a plane perpendicular to the director
experiences a refractive index 𝑛⟂. These indices are also referred to as the
extraordinary and ordinary refractive index of the liquid crystal, 𝑛e and 𝑛o
respectively. At the interface between the liquid crystal and the wedge, the
different indices cause these orthogonal polarizations to propagate in different
directions, in accordance with Snell’s law.
1.2.3 Liquid crystal alignment
The wedge described in figure 1.4 illustrates a homogeneously aligned nematic.
There are several ways in which the alignment of a liquid crystal can be af-
fected. The methods used in this thesis are described here shortly.
A. By means of an alignment layer
An alignment layer imposes a preferential orientation of the LC director. It is
applied to an interface that is in contact with the LC. Within the neighborhood
of that interface, the liquid crystal director is fixed. It takes a certain amount
of energy to change the director orientation near the interface.
B. By means of an electric field
The orientation of the director can be changed by applying an electric field over
the liquid crystal. The electric polarizability of the liquid crystal molecules
allows the applied electric field to induce a dipole moment (or change it
if already present). In the presence of the field, a torque is exerted on the
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dipole moment that reorients the molecules so as to minimize the torque, as
illustrated in figure 1.5. For liquid crystals with positive dielectric anisotropy
(𝜀∥ > 𝜀⟂), the molecules tend to align their long axes with the electric field
lines. Hence, the director will also align more with the electric field. For
nematic liquid crystals the time needed to reorient the director, to “switch”
the liquid crystal, is proportional to the square of the thickness of the cell, so
LC layers are usually made a few micrometers thin [28].
1.3 Current approaches to
optical phase manipulation
using liquid crystals
As explained in section 1.2.2, light experiences a certain refractive index
when it propagates through a liquid crystal. In beam-steering and lensing
applications, the experienced refractive index is ideally a well-controlled
continuously varying function across the LC. It is achieved by having the LC
director change orientation smoothly, which can be done in several ways.
1.3.1 Beam-steering
A. Small-angle beam-steering
Classical liquid crystal beam-steering approaches affect the phase of an
electromagnetic plane wave by changing the optical path length (OPL) over
a region in space. The optical path length is the product of the experienced
refractive index and the thickness of the material through which it propagates.
Because the experienced refractive index in a liquid crystal is limited to the
+
-
(a)
→
+-
(b)
Fig. 1.5: A dipole in an electric field experiences a torque that tends to align
the dipole with the electric field. The dipole also changes the electric field
locally.
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range between the extraordinary and ordinary index of the LC, there is a limit
on the OPL as well that is defined by the LC and the thickness of that layer.
In practice, the LC layer is rarely more than a few tens of microns thick, to
reduce switching times, as explained earlier, and to keep the costs low*.
For monochromatic light, this limit on the OPL is not a problem: because
light is a sinusoidally varying electromagnetic wave, an abrupt phase dif-
ference of one wavelength or a multiple thereof has no effect on the wave, as
illustrated in figure 1.6. Broadband light will experience diffraction though,
because the phase matching condition is not fulfilled.
In their excellent review paper, McManamon et al. categorize narrow-band
beam-steering devices based on the way this sawtooth-like phase wrapping
is achieved [31]: either the period is altered, which changes the blaze angle
𝛼 as well, or the blaze angle is altered, but the period is kept constant.
Both approaches allow us to steer the wavefronts in the desired direction.
McManamon et al. name these approaches the variable period approach and
variable blaze approach. With variable blaze beam-steering, one cannot steer
light to a continuum of angles, because the phase jumps have to be a multiple
of the wavelength.
The beam-steering efficiency, being the ratio of light that is steered in
the desired direction relative to the incident light power, in devices that rely
on this change in the OPL [32–35] is limited by two factors. The first is the
non-ideal phase jump that occurs at the flyback region, the region where the
phase is reset. This is because the liquid crystal deforms continuously [36] due
2𝜆
1𝜆
1𝜆
emerging wave
incident wave
Fig. 1.6: A plane monochromatic wave travels through a blazed grating. When
the optical path length difference is a multiple of the wavelength, 𝜆, the wave
is perfectly transmitted to one of the diffraction orders.
*For comparison, at the time of writing, one gram of gold is worth about 37 € [29]. One gram of
MBBA, the LC mesogen seen earlier, costs about 15 € [30].
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to visco-elastic forces. In the flyback region, fringing fields further prevent the
appearance of an ideal phase reset [37]. The devices discussed in chapters 2
and 3 of this thesis are also limited by fringing fields. The second limiting
factor according to McManamon et al. is the discrete nature of the phase
steps. Multielectrode devices indeed apply a staircase-like voltage profile over
the LC. As long as the electrodes can be made small and are closely packed
this is not so much of a problem, because the visco-elastic forces of the LC
will smoothen out the phase steps. The fabrication of very thin electrodes
requires expensive technology though and the electronic addressing of a large
number of electrodes individually is challenging. Several researchers have
circumvented the loss in steering efficiency due to the discrete phase steps by
generating a linear ramp in the electric field up to the flyback regions [32,
38–41]. This technique is used in both chapters 2 and 3 as well.
The main limitation lies with the non-ideal phase jump. It is shown that
to obtain high steering efficiency in sawtooth-like beam-steering devices, the
steering angle should be limited [31]: due to the fringing field effect, a device
featuring a 5° steering angle has a theoretical efficiency of 56.5%, whereas a
1° steering angle device has slightly over 90% maximal efficiency.
For that reason, the continuous angle beam-steering devices are considered
small-angle beam-steerers. To obtain much larger angles they are often put in
tandem with devices that can steer efficiently to a discrete set of large angles.
Such combinations lead to devices that allow continuous steering over a wide
angular range.
B. Wide-angle beam-steering
Wide-angle beam-steering approaches using liquid crystals can be found in
three varieties. In the first, a holographic medium is used to which an array
of holographic patterns have been imprinted. Each pattern is the result of
mixing a reference beam at a steering angle of interest with a signal beam.
By illuminating this pattern with a signal beam, the reference beam will be
reproduced, travelling at the original angle of interest [42, 43]. By placing a
small-angle beam-steering device in front of this holographic medium, steering
to large angles (±45°) can be achieved by illuminating the hologram that
generates the desired reference beam [44]. Note that another small-angle
beam-steering device is required after the hologram to allow continuous
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beam-steering.
The second wide-angle beam-steering class of devices is based on the
spatial separation of orthogonal polarizations in birefringent prisms. A
Wollaston prism e.g. separates unpolarized light into two orthogonal linear
polarizations, as illustrated in figure 1.7. This can be exploited by having
a liquid crystal polarization rotator before the prism, which transforms the
incident polarization into the type required to be steered to one of the two
possible angles. The angular separation depends on the wavelength of light
and the prism wedge angle, which implies that the prisms will be fairly thick
to obtain steering to large angles. As with the hologram, a small-angle beam-
steering device is placed before the polarization rotator–prism combination,
to allow continuous steering. This time however the deflection changes
continuously with the angle of incidence as well, so there is no need for
another small-angle beam-steerer after the prisms.
The third class is one of the most recent and exciting innovations to the
field of beam-steering devices: polarization gratings (PGs). Their functionality
is quite similar to that of the birefringent gratings, but they can be made much
thinner as they use a liquid crystal layer that need only be half a wavelength
thick. Polarization gratings deflect circularly polarized beams to the positive
or negative first diffraction order of the grating with efficiencies close to
100% [17, 46, 47]. When the grating configuration is removed electrically by
aligning the director uniformly across the LC cell, the device can also transmit
to the zeroth order.
Fig. 1.7: A Wollaston-prism spatially separates unpolarized light in two orthog-
onal, linearly polarized waves. The c-axis of the birefringent prisms has been
annotated with black arrows. Image retrieved from [45], made by Fgalore,
licensed under CC BY-SA 3.0.
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1.3.2 Lensing
Lensing is very similar to beam-steering. The main difference is that rather
than attempting to generate a linear, possibly wrapped, phase shift across a LC
cell, the phase shift should be parabolic. That means that a centro-symmetric
director distribution is required in LC lenses.
Traditionally, lens operation is achieved by applying a radially varying
electric field, which changes the OPL in a similar way as with beam-steering
devices. The first liquid crystal lens that operated on this principle appeared
in 1979 [48]. It featured a liquid crystal layer that was trapped between
a planar electrode and a curved one. Variations on the curved electrode
design that allow the liquid crystal layer to be flat, which is desirable from a
manufacturing point of view, have been demonstrated since [49–52].
An alternative to the curved electrode approach is given by the patterned
electrode design. Such devices feature two parallel, planar electrodes, one
of which is patterned. The patterned electrode can take very simple forms,
such as a single hole [53–55] or a series of concentric electrodes [56–58].
Both approaches realize a spatially non-uniform electric field, but the desired
electric field variation is harder to achieve with hole-patterned electrodes.
The multi-electrode approach can avoid optical aberrations, at the cost of a
more complex electronic driver.
A third category of electric gradient inducing lenses is given by planar
LC devices, with uniform electrodes, where the gradient OPL is achieved by
having a gradient in the polymer concentration of a polymer-stabilized liquid
crystal (PSLC) [59]. PSLC has also been used in beam-steering applications
[39].
When the used liquid crystal in these three techniques is a nematic, these
devices only act as lenses for one linear polarization component of the light
so that a polarizer is necessary. However, since the recent interest in blue
phases [60, 61], polarization independent lenses using gradient electric fields
have been proposed [62–64] and one, based on the hole-patterned electrode
approach, has already been demonstrated [65].
Most lens approaches have focused on generating a centro-symmetric
director distribution using electrical fields, but with the recent advances in
photoalignment, the director distribution can be azimuthally and radially
varying without the need for applying voltages, similar to the polarization
1.4. OUTLINE OF THIS DISSERTATION 15
gratings mentioned earlier. This advancement has lead to q-plates [66],
devices with an azimuthal distribution of the local optical axis, having a
topological charge q at its center defect and lenses. The various demonstrated
lenses include Fresnel zone plates that reach efficiencies of 35% and more [67,
68], which is close to the theoretical maximum of 41%, as well as lenses with
continuously varying director profiles [69], some of which are polarization
independent [70] or broadband [71].
1.4 Outline of this dissertation
In chapter 2, information related to the simulation programs and the used
fabrication technologies is provided to ensure the reader has sufficient back-
ground to understand and reproduce the results from the chapters that follow.
Results from the different simulation programs are explained in a logical way,
using a specific beam-steering device as an example.
Chapter 3 is about a simple beam-steering device that can be produced
with means that allow for rapid replication. The performance of the device is
discussed analytically and numerically in transmissive and reflective configu-
rations. A reflective configuration is fabricated and its performance measured
and compared to theoretical results.
In chapter 4 the influence of coating a substrate having multiple ad-
dressable electrodes with a material having a high dielectric constant on the
beam-steering capabilities of a liquid crystal beam-steerer is studied. This
technology of combining liquid crystals and materials with a large dielec-
tric constant in this way is demonstrated for the first time by fabricating a
one-dimensional beam-steering device and comparing its performance to an
uncoated reference device.
Chapter 5 builds further on the results from chapter 4. The technology
discussed in chapter 4 is used to create a liquid crystal lens of which the focal
length can be tuned. The performance of the fabricated lens devices is studied
using convential methods.
Chapter 6 bundles the main conclusions drawn in the preceding chapters
and presents perspectives for future research.
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2
Used methods
Many of the results presented later in this work rely on knowledge of computer
programs, such as meshing and simulation software, and fabrication aspects
of liquid crystal devices. In order not to repeat the simulation settings that are
common for the results presented here and to provide the reader with a better
background, these frequently used methods are discussed in this chapter.
Some paragraphs in the technology section will be intentionally short, as
they deal with well-known fabrication techniques to which the work presented
here made no contributions and that are discussed in far more depth in the
literature. Some of the processing parameters are varied between runs, but
the settings listed in section 2.3 provide the parameter sets that give good and
reproducible results.
The chapter is started with a description of polarized modes, as these
are used commonly in electromagnetic propagation problems to simplify the
analysis.
2.1 Transverse modes at an
interface
When an electromagnetic wave such as light is obliquely incident on an
interface, scientists will often describe the wave as a superposition of transverse
modes, the transverse electric (TE) and transverse magnetic (TM) mode. These
two modes arise naturally in the study of reflection and refraction problems
as a set of uncoupled linearly polarized waves [1, chapter 6.2]. The modes
can be superimposed to yield any incident wave polarization, which allows us
to reduce problems of arbitrary waves to the study using these two modes.
To understand the meaning of these terms, consider figures 2.1a and 2.1b.
Both figures share the same plane of incidence, which is the plane that
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encompasses the wave vector ?⃗? and the normal to the interface, ?⃗?. In a TM
mode, the magnetic field, ?⃗?, is perpendicular to the plane of incidence. Light
in this mode is said to be p-polarized, because the electric field is parallel
to the plane of incidence. The interface conditions that can be derived from
Maxwell’s equations in integral form indicate that upon refraction at a surface
without surface currents present, the wave remains p-polarized, so naming
it a “mode” is an apt description. For the TE mode, the electric field is
perpendicular to the plane of incidence. Light in the TE mode is said to be
s-polarized, from the German word “senkrecht”, meaning perpendicular. Light
that is s-polarized also retains that property upon refraction between two
media because of the continuity of the tangential component of the electric
field at an interface.
When the wave is normally incident to an interface, both the electric and
magnetic field in an isotropic medium are tangential to the interface and we
speak of a “TEM” mode. It is sometimes useful to keep the notion of TE and
TM in this case, to indicate the orientation of the electric field relative to a
reference plane, which is usually the plane of the drawing.
?⃗?
?⃗?1
?⃗?2
medium 2
medium 1
⃗𝐸1
⃗𝐸2
⃗𝐸𝑡
⃗𝐸𝑡
⃗𝐸𝑛,1
⃗𝐸𝑛,2
(a) TM mode or a p-polarized wave.
?⃗?
?⃗?1
?⃗?2
medium 2
medium 1
⃗𝐸1
⃗𝐸2
(b) TE mode or an s-polarized wave.
Fig. 2.1: An electromagnetic plane wave refracts at an interface between an
isotropic medium (medium 1) and an anisotropic one, such as a liquid crystal
(medium 2). The electromagnetic wave can always be written as a linear
combination of two modes, the TM mode, shown in (a) and the TE mode
shown in (b). Light is said to be p-polarized in (a) and s-polarized in (b). The
electric field vectors shown in (b) are perpendicular to the plane of incidence,
they are shown head-on.
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2.2 Design software
In many engineering disciplines design software is used to evaluate the
performance of a device before time is spent on actually fabricating it. Civil
engineers e.g. might need to know if a beam of a bridge supports a certain
load and where the beam experiences the strongest forces, so that it could be
strengthened. There are many advantages to modelling beforehand, but it
does require good models and familiarity with the software. In this section,
the different programs used for modelling the liquid crystal beam-steering
devices that are the subject of this thesis are listed and their goals and output
briefly explained. A conceptually simple beam-steering device that uses
parallel, planar electrodes will be used throughout the following paragraphs
to visualize the simulation results from the various pieces of software.
2.2.1 Simulating the director field with the
finite-element method
The finite-element method (FEM) is a numerical technique that approximates
the solution of a differential equation on a domain, 𝛺, that has an edge, 𝛤.
It does this by subdividing the domain 𝛺 into smaller and simpler elements,
which are called “finite elements” and choosing a set of simpler functions, the
shape or basis functions, within each element to approximate the true function.
The differential equation is simplified on the smaller elements, leading to a set
of element equations. Finally, the element equations are assembled into larger
system equations that model the entire structure and are solved numerically
[2].
One of the great advantages of the finite-element method is the ability
to model complex geometries accurately and improve the approximation in
regions of interest without overly increasing the computational requirements.
Because topological defects can occur in liquid crystals, this feature is highly
interesting in the study of LCs. The LCP group of Ghent University uses FEM
software to simulate the distribution of the director in a liquid crystal.
A. Mesh generation
Common examples of finite elements in two dimensions are triangles and
rectangles, and tetrahedra and prisms in three dimensions. Dividing a geometry
into finite elements is a process that is known as meshing. Software that uses
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the FEM, does not necessarily incorporate meshing capabilities, instead leaving
it to third party software. Comsol Multiphysics is an example of finite-element
analysis (FEA) software that includes a module for meshing the geometry.
The software the LCP group of Ghent University uses to simulate the director
profile of a liquid crystal relies on third party software for meshing geometries,
such as the commercial software Gid [3]. It is often desirable to run programs
like these non-interactively and without the graphical user interface (GUI)
(“headless”), merely passing it an input file that describes in a textual format
the geometry to be meshed and passing it options that determine the mesh
size. This functionality is used for example in chapter 5, where a “parameter
sweep” is executed over the height of a glass layer to determine the error
when simulating a director field. A parameter sweep is a series of simulations
where the different simulations vary only in a few parameters. Gmsh [4] is an
open-source mesh generator that I considered more useful because it not only
has this headless and non-interactive functionality, but also has advanced
scripting possibilities to generate geometries and meshes more efficiently. It
is the meshing software that has been used throughout these PhD studies after
a short period in which it was compared to GiD.
As an example of the meshing process, consider figure 2.2, which shows a
two-dimensional geometry and the generated mesh that is related to it. The
geometry of figure 2.2a corresponds to a liquid crystal encapsulated between
two glass substrates. The interface between the LC medium and the glass
medium at the top is covered by a homogeneous electrode. This electrode is
referred to as the ground or common electrode as all other electric potentials
are given relative to the electric potential of this electrode. The glass–LC
interface at the other side is only partly covered by electrodes, the so-called
“steering electrodes”. The glass and electrodes are covered by an alignment
layer, which is not shown in figure 2.2. Because the alignment layers and
the electrodes are very thin compared to the LC layer, their structure can
not be distinguished in the generated mesh, even though some of the edges
have been labelled in the software (and the figure) as having the properties
of an electrode, alignment layer or both. Electrodes are typically less than
50nm thick and alignment layers about 100nm, which is at least an order
of magnitude smaller than typical LC layer thicknesses (1 μm–10 μm), so the
thickness of these layers often does not have to be modelled in the mesh. Even
for thin LC layers, the thickness of alignment layers could be ignored, provided
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their voltage shielding effect is taken into account [5]. Figure 2.2a shows
that the steering electrodes consist of three pieces: a large electrode that is
in contact with two smaller electrodes at its sides. The smaller electrodes
are referred to as the “addressing electrodes”, because the electric potential
is defined on them and they are assumed to be excellent conductors. The
larger electrode is assumed to have a higher resistivity and so the electric
potential over it is a function of the potential of the addressing electrodes
and the LC layer over it, which acts as a distributed capacitor. By applying
different electric potentials to the smaller electrodes, an electric current will
flow between them through the larger electrode which then acts as a potential
divider. For energy reasons, it is desirable to make this current small, so the
bridge electrode is ideally highly resistive. The two addressing electrodes
should be sufficiently conductive to ensure that their potentials match the
externally applied voltages closely.
Remark that the mesh is inherently unitless: meaning to the 𝑥 and 𝑦
coordinates is given by the simulation software, just like various material
properties are associated to the different domains through their labels.
When creating the mesh, it is not always necessary to model the entire
structure. In this case e.g., only one unit cell of the periodic structure needs
to be modelled: periodic boundary conditions are applied to the left and right
edges of the mesh. The upper glass substrate also does not need be modelled,
because the electric field above the ground electrode does not influence the
electric field in the LC region. This is the reason the mesh in figure 2.2b does
not include that part. Due to the limited size of the lower electrode, the lower
glass substrate is required however, and just how big this domain should be
is a matter of iteration and experience. In chapter 4 a study of the required
thickness will be presented, which is a parameter sweep of the thickness of the
lower glass layer that makes heavy use of the possibility to script the meshes
generated with Gmsh.
B. Simulation of a director field
In the numerical treatment of liquid crystals, the equilibrium solution of the
liquid crystal orientation is sought by minimizing the free energy of a liquid
crystal,ℱ. It is defined as the volume-integral of the elastic energy density,
𝑓𝑑, the electrostatic energy density, 𝑓𝑒, and the surface-integral of the surface
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Fig. 2.2: A liquid crystal cell geometry and its representation as an unstructured
mesh. The geometry is assumed to be periodic in the horizontal direction and
the glass layers extend in the vertical direction. The mesh only represents
one period. The red electrode material is characterized by a sheet resistance
(material with limited conductivity). The narrow grey or black electrodes are
perfect conductors.
anchoring energy, 𝑓𝑠 [6]:
ℱ ≔∫
𝛺
{𝑓𝑑 − 𝑓𝑒} +∫
𝛤
𝑓𝑠. (2.1)
The electrostatic energy density,
𝑓𝑒 ≔
1
2
𝜀0 ( ⃗𝐸 ⋅ 𝜀 ⋅ ⃗𝐸) , (2.2)
2.2. DESIGN SOFTWARE 27
describes the energy associated with quasi-static electric fields, ⃗𝐸, that per-
meate the liquid crystal. The permittivity tensor of the liquid crystal, 𝜀, is a
second order tensor that describes the dielectric properties of the anisotropic
LC. The Oseen–Frank elastic energy density describes the energy associated
with elastic deformations of the LC. It can be written in terms of the director, ?⃗?,
or in terms of the Q-tensor. The Q-tensor, also known as the order parameter
tensor, is a symmetric and traceless matrix that describes the orientation of a
liquid crystal, which can be biaxial, and the local order parameters [7]. It can
be written as:
𝑄 =
⎛⎜⎜⎜
⎝
𝑞1 𝑞2 𝑞3
𝑞2 𝑞4 𝑞5
𝑞3 𝑞5 −𝑞1 − 𝑞4
⎞⎟⎟⎟
⎠
, (2.3)
in which the elements take the following form:
𝑞1 =𝑆1 cos
2 𝜃 cos2 𝜙 + 𝑆2(sin𝜙 cos𝜓 − cos𝜙 sin𝜓 sin 𝜃)
2 −
1
3
(𝑆1 + 𝑆2)
𝑞2 =𝑆1 cos
2 𝜃 sin𝜙 cos𝜙
− 𝑆2(cos𝜙 cos𝜓 + sin𝜙 sin𝜓 sin 𝜃)(sin𝜙 cos𝜓 − cos𝜙 sin𝜓 sin 𝜃)
𝑞3 =𝑆1 sin 𝜃 cos 𝜃 cos𝜙 + 𝑆2 sin𝜓 cos 𝜃(sin𝜙 cos𝜓 − cos𝜙 sin𝜓 sin 𝜃)
𝑞4 =𝑆1 cos
2 𝜃 sin2 𝜙 + 𝑆2(cos𝜙 cos𝜓 + sin𝜙 sin𝜓 sin 𝜃)
2 −
1
3
(𝑆1 + 𝑆2)
𝑞5 =𝑆1 cos 𝜃 sin 𝜃 sin𝜙 − 𝑆2 sin𝜓 cos 𝜃(cos𝜙 cos𝜓 + sin𝜙 sin𝜓 sin 𝜃)
The parameters 𝑆1 and 𝑆2 are the scalar order parameters that quantify the
degree of order about the directors of a biaxial LC. The angles 𝜃, 𝜙 and 𝜓 are
the Tait–Bryan angles, sometimes also referred to as the Euler angles, and
are illustrated in figure 2.3. Figure 2.3 also shows the relation between these
angles and the directors of a biaxial LC. If the liquid crystal were uniaxial it
would be represented by a cylinder rather than a board and there would be
only one director, which is given by:
?⃗? = (cos 𝜃 cos𝜙, cos 𝜃 sin𝜙, sin 𝜃)𝑇 (2.4)
The angles 𝜃 and 𝜙 are referred to as the tilt and twist of the director respec-
tively.
Describing the distortion energy density in terms of the director is more
straight-forward, but the Q-tensor approach has the advantage of retaining
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Fig. 2.3: The orientation of two directors, ?⃗? and ?⃗?, of a biaxial liquid crystal
(represented as a board) relative to a reference frame (the orthonormal 𝑥𝑦𝑧-
axes) can be given in terms of the Tait–Bryan angles 𝜙, 𝜃 and 𝜓.
the equivalence of ?⃗? and −?⃗?, as well as allowing biaxial LCs to be modeled.
A downside of the Q-tensor is that it cannot be easily visualized, so conversion
to the director is often still required: the Q-tensor, that is given on the nodes
of the unstructured mesh, is interpolated onto a rectangular grid, after which
conversion of the Q-tensor to the director is performed for post-processing
and visualization. The order in which these conversion steps are performed
(interpolation followed by transformation) is important: the other way around
could lead to non-sensible results, because of the inversion symmetry of the
director, ?⃗? = −?⃗?.
The LCP group of Ghent University uses the Q-tensor FEA program devel-
oped by R. James et al. [8] for this purpose. This software, written partly in
Matlab, partly in C++, calculates the five non-redundant elements of the
Q-tensor in each of the nodes of the unstructured mesh.
Other than a mesh, the software requires only two configuration files,
one that holds the properties of the liquid crystal used in the simulation
and another, the mesh description file, that assigns meaning to the labelled
elements of the mesh: what is the anchoring strength of the alignment layers,
what orientation do they impose to the director, what electric voltages are
applied to the electrodes, …. In all FEM simulations shown hereafter, the
liquid crystal domain has the properties of the liquid crystal mixture known as
E7. In [9], P. Yeh and C. Gu list the quasi-static electric field properties that
are used in all these simulations. These values are reproduced in table 2.1 for
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easier referencing. The refractive indices at 633nm and at room temperature
are listed in table 2.2, together with the glass transition temperature and
clearing temperature.
As part of this PhD, the Q-tensor program has been extended and now has
the possibility to model resistive electrodes: electrodes on which the electric
potential is a continuous function of space. Continuing the example that
was used at the end of section 2.2.1.A, the bridge electrode is labelled in the
software as a resistive electrode, on which the electric potential varies linearly
between the potentials defined at the addressing electrodes at its sides. A
linear variation of the potential follows from neglecting the capacitive current
(to charge the LC) in comparison to the conductive current in the resistive
electrode. This is valid for the case of low frequencies. A homogeneous
current density leads to a linear variation in the potential. The addressing
electrodes are set at 0V and 10V, relative to the common electrode, values
that are given in the mesh description file.
The output of the Q-tensor program applied to this beam-steering device
with a resistive electrode is visualized in figure 2.4. The small black sticks
represent the orthogonal projection of the director, ?⃗?, on the 𝑥𝑦-plane. The
inset axes shows the original director profile of a section that has been enlarged
6 times. It illustrates that the Q-tensor program calculates the director not
only in the nodes of the triangular mesh, but also midway each side of the
triangles. This is known as an unstructured mesh with second order elements.
On the main axes, the director profile is visualized on a rectangular grid. In
both the main axes and the inset, the electric potential distribution is shown
through contourlines and -surfaces. Because the range of electric potential
shown in the inset is small, a different color scheme is used to allow distinction
between lower and higher potentials. The electrodes have been drawn over
the result set, in bright green for the fixed potential electrodes and bright
Table 2.1: Quasi-static electric field properties of the nematic liquid crystal E7
𝜀⟂ 𝜀∥ 𝑘1 (pN) 𝑘2 (pN) 𝑘3 (pN)
5.1 19.6 11 10.2 16.9
Table 2.2: Refractive indices of E7 [10] and its transition temperatures [11].
𝑛e(633 nm, 25
∘C) 𝑛o(633 nm, 25
∘C) 𝑇𝑔 (
∘C) 𝑇N−I (
∘C)
1.7302 1.5188 −64 61
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red for the resistive electrode. The reader is reminded that they do not have
any thickness in the mesh, the overlay merely serves as a visual aid to locate
the electrodes. Note that the equipotential lines cut the resistive electrode
at regularly spaced intervals, which is a consequence of making the electric
potential linearly related to the potentials at the side electrodes.
Figure 2.4 clearly shows that the director is more perpendicular to the two
glass–LC interfaces on the right side, where the potential over the liquid crystal
is larger. This is a consequence of the positive dielectric anisotropy of E7:
when 𝜀∥ > 𝜀⟂, the director will preferentially be oriented along the electric
field, which is perpendicular to the equipotential lines, as ⃗𝐸 = −∇𝑉. So the
tilt, 𝜃, which is the angle between the director’s main axis and a reference
plane, in this work always chosen to be the plane of the ground electrode,
increases from left to right in figure 2.4. This influences the optical path
length (OPL) as light travels through this LC slab and thus also the phase
of the wave. The phase of an x-polarized plane wave as it propagates from
the bottom glass through the LC can be visualized by using the Jones matrix
formalism.
0 29
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Fig. 2.4: An illustration of the director field, ?⃗?( ⃗𝑟), shown as a series of little
black sticks, overlaid on the isopotential contours of the electric potential dis-
tribution, 𝑉 ( ⃗𝑟). The inset shows the original dataset defined on the triangular
mesh and illustrates a topological defect of charge -1/2. A +1/2 defect can
be found to the left of the addressing electrode that is held at 10V.
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2.2.2 Simulating light propagation
The propagation of light through anisotropic media can be simulated with
a variety of techniques. During this PhD, three numerical techniques were
used which are described in sections 2.2.2.A to 2.2.2.C. In section 2.2.2.D the
output of the previous paragraphs will be used to obtain the distribution of
light at a plane far away from the simulated device.
A. Jones formalism
The Jones matrix formalism is a simple technique that represents a wave,
𝐴 cos(𝜔𝑡 − 𝑘𝑧), as a phasor, 𝐴 exp(𝑗𝑘𝑧), one for each component of the
electric field, and allows calculating the phasor representation of the wave
after it has propagated through some medium. Several useful properties can
be derived from it, such as transmitted intensity and type of polarization. In
a geometry such as the one shown in figure 2.4, it can be used to calculate
the phase and intensity of the x- and z-component of the electric field of light
when it emerges from the structure, assuming it was fully polarized upon
incidence.
It is not necessary to understand all details of the Jones formalism to
understand its output. Only the basis is touched here and the reader is
referred to the literature for a more in-depth explanation ([12, chapter 2.2],
[13, pages 57-62]). In the Jones matrix formalism, the electric field from a
wave propagating along the y-axis, is represented by a 2 × 1 column vector,
J = [𝐸𝑥, 𝐸𝑧]
𝑇. Any layer through which it propagates is represented by a
2 × 2 matrix, M and the result of propagating through that layer is obtained
by matrix multiplication: Jout = M ⋅ Jin. A plane wave travelling along
the y-axis and incident on the LC slab from figure 2.4 can be thought of
as a series of beams with different x-coordinates travelling along the y-axis
that each encounter a slightly different material. The Jones matrix for one
such columnar material can be calculated by cutting the column up in small
vertically stacked pieces, where each piece is assumed to have a homogeneous
director orientation. The Jones matrices of these small pieces are multiplied to
obtain the Jones system matrix for one beam travelling along the y-axis. So in
order to use the Jones matrix formalism, the inhomogeneous LC medium has
essentially been approximated by a system of simpler homogeneous sublayers.
Using the director field obtained from the quasi-static electrical simulation
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of the LC and the refractive indices from table 2.2, the phase of the wave at
the upper glass–LC interface is calculated and shown in figure 2.5. The figure
shows the phase of both transverse components of the electrical field of the
optical beam, as well as the intensity of the x-component of the electric field
relative to the intensity of the incident x-polarized light. The location of the
addressing electrodes is illustrated by the green patches that span a range
of 3 μm, just like in figure 2.4. The figure shows that a small fraction of the
incident x-polarized light is converted to z-polarized light near the addressing
electrode on the right, which is clear from the steep decrease of |𝐸𝑥|
2. This
sharp dip is due to the rapid reorientation of the director at that location,
which is shown in figure 2.4, and is the result of conflicting orientations
imposed by the electric field and the pretilt. As the figure shows, a nearly
vertical line exists where the director’s tilt changes rapidly from nearly 90° to
0° and back to 90° as the line is crossed from left to right in the figure. Linearly
polarized incident light will experience a change in polarization there.
The x-polarized light experiences a larger OPL closer to the left electrode so
the phase there lags behind the phase on the right side. The figure reveals that
this phase lag amounts to about 6𝜋, which is very close to the theoretical value
of the optical path difference (OPD) expressed in radians, being 2𝜋𝛥𝑛𝑑/𝜆.
Finally, there is a region over the resistive electrode, which lies between the
green boundaries, where the phase is approximately linearly increasing. The
wavefront in this region makes an angle with the glass substrate equal to
arctan(𝛥𝜙/(2𝜋𝛥𝑥)). This implies that the x-polarized light at the output
is directed at an angle of about 3.6° relative to the glass–LC normal. This is
an optimistic scenario: the performance of this resistive beam-steerer will be
decreased due to the non-linearity in the overall slope, which will result in an
angular spread of the emerging light.
The Jones matrix formalism is often used because of its simplicity. It
is ill-suited for 3D problems though and even for 2D problems where the
thickness of the LC layer approaches the lateral dimensions, because the
formalism does not take into account beam deflection within a medium.
B. Beam propagation method
The beam propagation method (BPM) is a numerical technique that allows
simulating the propagation of guided waves in inhomogeneous media and
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Fig. 2.5: Phase and intensity of light emerging from the device when x-
polarized light is perpendicularly incident from the lower glass–LC interface of
figure 2.2a. The green areas denote the position of the addressing electrodes.
relies on the slowly varying envelope approximation that is justified when
the refractive index varies slowly along the propagation direction [14]. Since
its introduction at the end of the 70s, it has seen numerous variations on the
numerical techniques that are employed, such as the finite-difference BPM (FD-
BPM) [15], finite-difference vector BPM (FD-VBPM) [16] and finite-element
BPM (FE-BPM) [17]. Within our research group a full-vector and wide angle
beam propagation method software has also been developed [18]. One of its
attractive features for this research is that it allows beam propagation through
inhomogeneous anisotropic linear media such as liquid crystals. Furthermore,
it is a finite-element method, so it can easily interface with the Q-tensor
program described in section 2.2.1.B. Attempts have been made to use it on
the blazed grating structure described in chapter 3, but the simulation was
unstable due to the rapid index change at the interface between the grating
and the liquid crystal.
C. Finite-difference time-domain method
Another alternative to simulate beam propagation is given by the finite-
difference time-domain (FDTD) method. The electromagnetic fields are
solved for in a leapfrog manner that uses interweaved grids for the electric
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and magnetic fields. The FDTD method is often used when diffraction and
refraction cause the propagation of light in transverse directions to be signif-
icant, such as in the presence of discontinuities [19] or singularities and
dislocations [20, 21] in liquid crystal cells.
Lumerical FDTD, a commercial-grade simulator based on the FDTD method
is used in this thesis. It receives the spatially varying anisotropy information
from the Q-tensor FEM program that was explained earlier. While the FDTD
method is inherently a broadband technique, computing the fields in the
entire structure for all wavelengths at the same time, in this chapter we only
extract the computed phase profile of an x-polarized monochromatic wave
(𝜆 = 633 nm) that is transmitted through the resistive electrode beam-steerer
and compare it to the phase profile computed using Jones matrices.
Figure 2.6 shows the phase of the x-component of the electric field of
the beam at the upper glass–LC interface after propagation through the LC
layer, as computed by Lumerical FDTD. As with figure 2.5, the location of
the addressing electrodes has been indicated by green patches. While the
values are different, the graph shows a high degree of resemblance to its
counterpart in figure 2.5, which was calculated with the simpler Jones matrix
method. The actual phase values are not important, only the differences in
phase are of importance. The reason for that is simply that the phase profile
of the continuous wave could have been captured at a slightly different time,
which would add an offset to all phase values. The most pronounced feature is
that in the Lumerical result, there is also a region over the resistive electrode
where the phase can be considered to be linearly increasing. The slope of this
region, which has been chosen to be the same region as in figure 2.5, has been
calculated by fitting a linear polynomial to it in a least-squares sense, just like
in figure 2.5. The slope is nearly the same and would predict the optical plane
wave to be travelling at an angle of about 3.4° relative to the device normal,
which is a bit smaller than the 3.6° predicted by calculating the emergence
angle using the Jones formalism.
Figure 2.6 also shows the intensity of the x-component of the electric
field, relative to the incident power. There is a region near the left electrode
where light seems to have been amplified. The phase at that point also varies
rapidly, which indicates this is a region where constructive and destructive
interference occur. The intensity over the resistive electrode is approximately
75%, a value for which Lumerical FDTD has also taken into account the losses
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from reflections at the various interfaces, unlike the Jones formalism.
D. Far-field diffraction patterns
The far-field diffraction pattern indicates to what angles monochromatic light
is being redirected and with which intensities. It is an essential concept in the
design of beam-steering devices.
Fourier optics shows that the far-field diffraction pattern, also known as
Fraunhofer diffraction, can be obtained by taking the Fourier transform of the
aperture distribution [22, chapter 4.3], which is the electric field, amplitude
and phase, at an aperture.
Using this information, it can be calculated using the output from any of the
three previously discussed light propagation simulation techniques. Because
of mixed results with the BPM and the limitations of the Jones matrices, the
far-field diffraction pattern is in this work extracted using Lumerical FDTD.
The computed far-field diffraction pattern of the resisistive electrode
beam-steering device illustrated in figure 2.2 is shown in figure 2.7. The
power of the incident beam of coherent light (𝜆 = 633 nm) is directed to
specific angles, the so-called diffraction orders, which are given by the Bragg
grating equation,
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Fig. 2.6: Phase of the x-component of the electric field of the beam after
emerging from the device.
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𝑚𝜆 = 𝛬(sin 𝜃𝑖 + sin 𝜃𝑜), (2.5)
in which 𝛬 is the period of the spatially repeating pattern, 𝜃𝑖 and 𝜃𝑜 are the
angle of incidence and emergence respectively, relative to the grating normal,
while 𝜆, as usual, is the wavelength of light and𝑚 is an integer number called
the “diffraction order”. The relative strengths of these orders (how much
power is radiated in each direction) is still governed by the actual shape and
composition of the periodic structure, and this is what is shown in figure 2.7.
Note that Lumerical FDTD simulates the relative strengths, being the power in
an order divided by the power of the incident wave. As reflections from the
glass–LC interfaces play a role, the sum of the power in the transmitted orders
is not 100%. The graph that zooms in on the region of interest (ROI) shows
that most of the light is redirected to angles between 5° and 2.5° to the left of
the grating normal. The emergence angle that was derived from the phase
profile, using either the Jones matrix method or the output from Lumerical
FDTD, falls nicely in this region. A small amount of power is radiated to angles
around 15.2° to the right of the device normal, which could be attributed
to the region between two resistive electrodes where the optical path length
changes rapidly and in a sense that is opposite to the OPL change over the
resistive electrode.
Note that in figure 2.7, there is almost no power in the TE mode (the
maximum is less than 0.16%). The reason for this is that the indicent light
is polarized along the x-axis of figure 2.4, which is p-polarization, and very
little conversion from p-polarized light to s-polarized light is occuring due to
the birefringent liquid crystal.
E. Summary of the simulation workflow
The large variety of software and simulation techniques presented in the
previous paragraphs might leave the reader confused. While in reality many
of these programs have been used to obtain meaningful results, in essence
there are only three problems that need to be solved:
1. the director field distribution,
2. light propagation through the device and
3. far-field calculations.
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Fig. 2.7: The diffraction pattern of x-polarized light under normal incidence
can be split in two components after emerging from the LC layer. The upper
graph illustrates that there is only one region of interest, which has been
enlarged in the lower graph.
Each of these problems can be tackled in several ways, but in this thesis
the workflow is as follows. The director field distribution is simulated using
the Q-tensor program described earlier. As this is a FEA program, it requires
a pregenerated mesh, which is delivered by Gmsh. Using the simulated
LC director field, light propagation through the device can be simulated, a
problem that will be tackled using Lumerical FDTD. It uses the FDTD technique
internally. The output from this step is the optical field close to the device.
For applications, the optical field at a distance far away from the device is
more useful. This last step, the conversion from the optical field close to the
device to the far-field, is a problem that is typically handled by transforming
the input using the Fourier transform. This transformation can be performed
by many software packages, but Lumerical FDTD provides a useful module
to handle this transformation as well, which allows us to solve the last two
problems in the earlier list using the same software package.
2.3 Fabrication technology
In the first part of this chapter the simulation tools that are frequently used
in this thesis were explained using the example of a beam-steering device
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that uses an electrode with high resistivity. In this second part, general liquid
crystal cell fabrication technologies are discussed. These have been used to
create the devices that are the subject of the next chapters.
2.3.1 Overview of a cell assembly
An overview of a fabricated liquid crystal cell is shown in figure 2.8. It
shows two glass substrates, the bottom of which features a series of patterned
electrodes. The two substrates are bound together with an adhesive, such as
ultraviolet (UV) curable glue, which is present at the outskirts of the cell (not
visible in the figure). The adhesive typically contains small solid particles,
so-called “spacers”, that ensure a small gap between the two substrates. The
created cavity is filled with a liquid crystal by placing a small droplet of the
material at the interface between the two substrates, which then seeps into the
cavity by means of capillary forces. The substrates are offset, so that electric
signals could be applied to the outer contacts.
The arrows indicate the preferential alignment direction at the interface
for the director of a liquid crystal. The alignment direction is imposed by an
alignment layer, which will be explained in section 2.3.4. When the arrows
face each other, like in the figure, the alignment is said to be anti-parallel.
When the same alignment technologies have been used on both substrates,
this ensures an alignment of the director of a nematic liquid crystal that is
free of elastic distortions, in the absence of electric field. This is illustrated in
figure 2.9, together with the “parallel” alignment, where splay deformation is
present.
Fig. 2.8: An assembled liquid crystal cell with anti-parallel alignment of the
director.
2.3. FABRICATION TECHNOLOGY 39
(a) (b)
Fig. 2.9: Distribution of the director of a nematic liquid crystal in a cell with
parallel substrates. All substrates have been treated with an alignment layer.
In (a), one substrate is rotated so that the alignment reaches the energetically
favourable anti-parallel state. In (b), “parallel alignment” is obtained, which
introduces splay in the liquid crystal director.
2.3.2 Mask design
In chapter 3 a beam-steering device will be studied where the liquid crystal is
sandwiched between two substrates and switched by only two electrodes that
cover the entire surface area of the substrates. In chapters 4 and 5, devices
will be discussed that require a more complex form of addressing the liquid
crystal: more than two electrodes are used to switch the liquid crystal. The
resistive electrode beam-steering device from the first part of this chapter is
an example of this class of devices: it uses two addressing electrodes and a
ground. Such devices, known as multi-electrode LC devices [23–26], require
a specific layout of the electrodes on the substrates. These layouts can be
made in several ways, but the most common method of fabricating is using
UV lithography, which will be explained briefly in section 2.3.3. Prior to
performing lithography, a layout of the electrode pattern must be designed
and transferred to a holder that is suitable for the lithography process, such
as a quartz or soda lime glass.
A great variety of software exists that allows designing these masks. Over
the course of this PhD, all mask design was carried out using IPKISS version
2.4-alpha, which was developed at the INTEC Photonics Research Group
of Ghent University [27]. One of its attractive features is the possibility to
parameterize designs, such that once a geometry is properly designed, it can
be easily altered to include minor variations such as changing the electrode
widths.
To reduce the amount of patterned substrates that need to be made for
electro-optic experiments using UV lithography, it is advisable to increase
the number of electrode patterns on a single mask. My experience with
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lithography allowed me to design masks that featured improvements over
previous iterations. As an example, figure 2.10a shows a mask that was
designed using AutoCAD by one of the researchers of the LCP group prior to
the start of this PhD. It holds four electrode patterns, in which electrodes are
interdigitated, as the magnification shows. The patterns differ in the spacing
between the electrodes and the dimensions of the electrodes. The narrow
interdigitated electrodes are attached to larger electrodes that lead to the
edges of the design. Conductive wires can be soldered with greater ease to
the large area these electrodes occupy at the sides. An ultrasonic soldering
iron is used to solder to glass and my experience with it has shown that it is
just manageable to solder wires manually to electrode pads of 2mm by 2mm
that are spaced 1mm apart.
The designs of the masks used for the work presented in chapters 4 and 5
of this thesis attempt to reduce the lithography load by making more optimal
use of the space and taking into account the typical assembly process of a
liquid crystal cell. Because the soldering pads in the older mask (figure 2.10a)
are distributed over all sides, one pair per pattern per side, the placement
of the upper substrate will render three pairs of soldering pads inaccessible
and their associated electrode patterns cannot be used for electro-optical
studies of LCs, as figure 2.8 shows. If the upper substrate were not as wide as
the lower substrate, three regions could be used at best. With that in mind
the asymmetric interdigitated electrode mask, shown in figure 2.10b, was
designed. It allows testing three electrode patterns with varying dimensions
even if the upper substrate is not cut and six if it is. The concentric arc design
of figure 2.10c also features an improved use of the space: each series of
concentric arcs requires eight electrodes to be tapered to the closely spaced
arcs (arc spacing is on the order of 50 μm). The higher density of addressing
electrodes requires some finesse during the soldering, but has proved to
be manageable. These improvements to the masks reduce the amount of
substrates that need lithography processing and thereby increases the yield.
2.3.3 Lithography
Lithography is a method by which a pattern can be imprinted or transferred
to another substrate. With UV lithography, ultraviolet light is incident on a
photosensitive material, known as a resist, that is masked in certain areas
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(a) (b)
(c)
Fig. 2.10: Examples of mask designs, suitable for 2.54 cm by 2.54 cm substrates.
(a) A four-sided mask featuring four interdigitated electrode patterns. (b) A
two-sided mask featuring six interdigitated electrode patterns, where each
ROI is 3 by 3mm2. (c) A design featuring concentric circular arcs. Three
such designs are present on the mask, each featuring 8 arcs. The soldering
pads at the edge of the design are tapered to the finely spaced inner arcs. The
diameter of the largest arc set in this mask is 1mm.
by placing the electronic masks that were explained earlier between the UV
source and the photosensitive material.
Figure 2.11 shows schematically the process of UV lithography in both
positive and negative photoresists. The lithography process is finished af-
ter the 3rd step and shows that negative and positive photoresists lead to
complementary resist profiles. After patterning of the resist, post-processing
steps such as etching or metallization could take place. Metallization is typi-
cally only done with negative photoresists, because the liftoff process works
better when there is a small underetch. The LCP group usually buys float
glass substrates that are already coated on one side with indium tin oxide
(ITO), an optically-transparent and conductive oxide that is used in nearly
all liquid crystal displays (LCDs). If this transparent conductor is required,
the lithography steps using positive photoresist are executed. For situations
where a different electrode material is desired, such as gold or silver which
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have a higher conductivity, photolithography using negative photoresists is
recommended.
An alternative to photolithography using negative photoresists is given
by image reversal. The resist is positive and can be used as such, but by
adding two extra processing steps the resist can be used as if it were a negative
photoresist. The two extra steps that are added to the lithography process
shown in figure 2.11, are the reversal bake in which the exposed photoresist
crosslinks and the flood exposure step where the entire photoresist is exposed
to UV light, thereby making the non-crosslinked positive resist soluble to the
developer solution. This is shown schematically in figure 2.12.
Image reversal requires some fine-tuning, just like normal lithography.
Parameters that have not been optimized could lead to severe undercuts of
the resist, that would even allow fine resist tracks to be washed away. An
example of this is shown in figure 2.13, which is a micrograph of the tapering
section shown in figure 2.10c.
3. development1. exposure 2. baking 4. etching
4. metallization
5. stripping
unexposed positive resist
exposed positive resist
metal
substrate exposed negative resist
unexposed negative resist
opaque mask
crosslinked negative resist
5. lift-off
Fig. 2.11: The patterning of a metal using lithography and post-processing.
The lithographic process is shown for positive (top) and negative (bottom)
photoresists. Lithography is complete after step 3.
1. exposure 2. reversal bake 3. flood exposure 4. development
unexposed resist
exposed resist substrate
opaque maskcrosslinked resist
Fig. 2.12: A photoresist for image reversal can be used both as a positive tone
resist and as a negative tone.
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photoresist
interelectrode track
undercut
40 μm
Fig. 2.13: This micrograph shows the tapering region that is enlarged in
figure 2.10c after the resist has been developed. Underexposure during the
first exposure step of image reversal could lead to a severe degree of undercut:
in this example, interelectrode tracks can move freely over the substrate and
are easily broken.
Prior to the deposition of the image reversal resist (AZ5214E from Micro-
Chemicals), the adhesion promotor Ti-prime is applied to the glass substrates:
it is spincoated at 3000 rpm during 40 s, after which the solvent from it is
evaporated by having the spincoated substrate rest on a hotplate set at 120° for
3min. The reversal resist is spincoated subsequently, using the same spinning
parameters, but is dried at a temperate of 95°. The image reversal parameters
that were used for the devices made as part of this PhD, are listed below.
• initial exposure: 22 s, at 1.4W (measured behind the mask, on the
resist)
• reversal bake: 3min at 120°, on a hotplate
• flood exposure: 50 s, at 5W
• develop: 18 s in a 1:3 volume ratio of AZ400k developer to deionized
water
The exposure doses differ between the first and third step, because during the
initial exposure, the mask is inserted, which reduces the power of the UV light
(320nm) that is incident on the substrate considerably: from 5W to 1.4W.
The electronic mask is made on a soda lime glass that is 2.3mm thick (JD
Photo Data).
As an example, figure 2.14 shows a micrograph of a patterned substrate
featuring interdigitated metallic electrodes. It is not uncommon that some
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electrodes get shorted during the lithography, as the figure shows. Electrical
shorts and other types of lithography errors render a region around these
electrodes useless, although in the case of a sufficiently small short, such as
the one shown, an attempt can be made to salvage the substrate by running a
sufficiently high current through the short which may rupture the short due
to Joule heating.
2.3.4 Liquid crystal alignment
technologies
Once a mask is designed and transferred to a substrate, the substrate usually
requires pre-treatment to ensure a uniform alignment of the liquid crystal
director. This is done by coating the substrate with an alignment layer.
Rubbing (section 2.3.4.A) is one of the most well-known and oldest ways to
obtain an alignment layer. The use of photosensitive materials lies at the basis
of the photoalignment technology (section 2.3.4.B), which is a non-contact
method, unlike rubbing. There exist other ways to ensure homogeneous
alignment, such as inscribing microgrooves or micropatterns in the substrate
[28] and oblique evaporation of silicon oxide [29, 30]. In this thesis, only
rubbing and photoalignment have been used so these will be explained briefly.
A. Rubbing
The process of rubbing involves coating a substrate with a polymer with long
molecular chains, annealing it and subsequently rubbing a piece of cloth with
short fibers “gently” over the coated side in a uniform fashion. Depending
on the spincoated material, a pretilt and pretwist could be generated that is
100 μm
Fig. 2.14: One of the common errors during lithography: the accidental
creation of an electric short between otherwise unconnected electrodes.
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either perpendicular to or parallel to the direction in which the cloth was
pulled [31]. A hardening or crosslinking step is usually required to ensure the
tilt and twist of the chains is preserved when a liquid crystal flows over it.
Samples in this thesis that are aligned by means of rubbing had nylon
applied to them, dissolved in trichloroethanol in a 1% ratio by weight.
Spincoating this material on an ITO-coated float glass at 3500 rpm, results
in a layer thickness of approximately 52 nm, a value interpolated from the
measurements shown in table 2.3. When a fibrous cloth is dragged over it, it
results in an alignment direction that is parallel to the rubbing direction.
B. Photoalignment
An alternative alignment technique is that of photoalignment, which unlike
rubbing does not create electrostatic charges, that could damage sensitive
electronics such as thin film transistors in active matrix LCDs. One of the
problems photoalignment also solves is the ambiguity of the statement that a
coated surface is “gently” rubbed, a catch-phrase that occurs in many liquid
crystal articles and patents. The compressibility of the cloth could play a role,
and as the cloth could become contaminated over time, results from using
the same rubbing cloth might not be reproducible. With photoalignment, the
illumination dose and angle play a direct role in the anchoring properties,
while remaining easily quantifiable, verifiable and repeatable.
The first photopatterned optical elements appeared already in 1977, but
only gained attention from the liquid crystal display industry in the 1990s [32,
chapter 1]. Since then, many improvements have been made. The LCP group
from Ghent University has had its first experiences with the technology in 2012
[33], but several processing iterations were required to get consistent results
on areas of approximately 1 square inch: to ensure homogeneous alignment,
our cleanroom processing steps require the activation of the surface of the
substrate using a plasma-treatment before spincoating the photosensitive
material. Figure 2.15 shows a series of images of planar glass substrates that
were all photoaligned and illustrates the need for plasma treatment in our
Table 2.3: Nylon layer thickness after spincoating, measured using ellipso-
metry. The error on the thickness is ±0.1 nm.
spin speed (rpm) 900 1200 1800 2400 3600
layer thickness (nm) 133.8 100.7 72.5 60.7 49.3
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processing: the plasma treatment activates the surface of the cleaned substrates
and allows the photosensitive material to spread more uniformly over the
substrate. To activate the substrates, they are placed in the plasma chamber of
a Pico plasma system (Diener electronic GmbH) in which a plasma is generated
for 24 s using 190W to generate the plasma*. The plasma chamber is filled
with air and held at a pressure of 0.8mbar. Shortly after this treatment, the
photosensitive material PAAD-22 (purchased from BEAM Co.), which has an
absorption peak at 366nm, is deposited on the substrates by spincoating the
solution at 3000 rpm for 60 s. To evaporate the remaining solvent quickly,
the substrates are placed on a hotplate for about 3 minutes at 100 ∘C, which is
below the boiling point of the dimethylformamide (DMF) solvent in which the
photosensitive substance is dissolved. The coated substrates are then irradiated
with polarized UV light, using the unfiltered spectrum of the (broadband)
bulb of an Omnicure series 1000, using an irradiation dose of 5Wcm−2.
The resulting preferential orientation of the director is perpendicular to the
polarization axis.
Remark that the photosensitive alignment material used for the cells
shown in figure 2.15 is SD-1 [34]. The need for a plasma treatment has been
found for both SD-1, as well as BEAM Co.’s commercially available PAAD-22.
No references in literature have been found for the need of a plasma treatment
for either material, so it seems related to our processing.
Finally, the colors in figure 2.15 originate from the birefringence of the
liquid crystal which is made visible by placing the substrates between crossed
polarizers (hence, the darkness of the surroundings), ensuring the director is
not aligned with either transmission axis of the polarizers. When the director
is aligned with either polarizer, the cell appears dark, as in figure 2.15f. If the
director was not uniformly aligned, some light would be transmitted in this
configuration, due to the birefringence of the LC layer.
2.3.5 Polarized light microscopy
To study liquid crystals, polarized light microscopy is often used. The technique
is not just limited to LCs: other birefringent materials can be studied with it
as well.
*The Pico plasma system used in our cleanroom generates 200W maximum at 40 kHz, even
though the inner chamber has 300W engraved. This has been confirmed via e-mail, using the
device’s serial number (SN70138).
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(a) (b)
(c) (d) (e) (f)
Fig. 2.15: Photoaligned cells between two crossed polarizers. Cells (a) to (c)
have not been treated with a plasma prior to spincoating, the cells shown in
(d), (e) and (f) have. The solvent for the photosensitive material SD-1 used
in (a) and (c) is N-Methyl-2-pyrrolidone (NMP), in (b) dimethylformamide
(DMF). The cells shown in (d)-(f) have been treated with the same mixture as
cell (a), after plasma treatment.
When a uniformly aligned nematic liquid crystal sample is placed under
the objective of an ordinary light microscope, no special features are observed:
the sample is optically transparent. When two polarizers are introduced in
the optical path, one before the sample, one after, with the transmission axis
of the second polarizer perpendicular to that of the first, a series of colors is
visible, which change when the sample is rotated.
These colors have the same origin as the bright colors shown in figure 2.15:
the birefringent nature of the LC changes the polarization of the incident
linearly polarized light. The resulting polarization depends on the wavelength,
which means that after passing through the liquid crystal a continuum of
“polarization ellipses” exists for each wavelength of the lamp used in the micro-
scope to illuminate the sample. A polarization ellipse is the most general form
of polarization and can be interpreted as the path outlined by the electric field
vector of the electromagnetic wave at a plane fixed in space when observed
for some time. Linear polarization is a special case where the polarization
ellipse has collapsed to a line. The continuum of polarization ellipses is
forced through the second linear polarizer, also sometimes referred to as the
“analyzer”, which collapses the polarization ellipses to linear polarization and
thereby decreases the intensity of some wavelengths of which the polarization
ellipse is poorly matched to the transmission axis of the second polarizer. This
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is schematically illustrated in figure 2.16.
polarizer analyzerbirefringent material
Fig. 2.16: Schematic illustrating the appearance of colors in birefringent
samples when observed between crossed polarizers. In the top row, linearly
polarized green light is transmitted through a birefringent sample, which
changes its polarization state. After passing through the analyzer, a small
fraction of this light is transmitted. A linearly polarized red beam of light
passing through the same sample will experience a different reduction in
power, because its polarization state will be different after passing through
the sample. The transmission axis of the polarizers is indicated with a black
line. The optical axis of the birefringent sample is shown with a small black
line.
Placing a birefringent sample between crossed polarizers under the micro-
scope can teach us many things, such as the direction of the optical axis and
the location of defects, places where the director cannot be defined uniquely.
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3
Hybrid liquid crystal beam-steering
In chapter 2, an example of a liquid crystal beam-steering device was given. By
applying a voltage over a liquid crystal, the director reorients, which causes a
change in the effective refractive index experienced by light travelling through
that medium. This electrically induced change in the refractive index allows
us to alter the angle at which that light wave exits the medium. The example
in the previous chapter used a gradient in the electric potential over the planar
liquid crystal to induce a gradient in the OPL.
In this chapter, a different liquid crystal beam-steering device is studied.
It uses a hybrid configuration, in which a liquid crystal is sandwiched between
a microstructured grating and a planar substrate. The microstructured grating
is shown schematically in figure 3.1. It has a sawtooth profile and is also
known as a blazed grating.
In this device, there is no need for a gradient in the electric potential
along the electrodes, assuming they are perfect conductors, but a gradient
in the OPL is achieved due to the shape of the grating and the difference
𝛼
0 L
Fig. 3.1: A blazed grating is a periodic arrangement of prisms. Some of its
properties can be understood using geometric optics applied to the subunits,
but when the size of the subunits approaches that of the wavelength of light,
the theory of wave optics is required to describe the functioning of the grating
properly.
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in refractive indices of the liquid crystal and the grating substrate. Two
configurations of this device will be considered: in the first, it will be used in
transmissive mode (section 3.1), in the second in reflective mode (section 3.2),
which has a beneficial impact on the angular steering range. In each of the
related sections some theoretical aspects are considered, which allow us to
make fairly accurate predictions on their steering range. Simulation results
are also provided for both configurations. In the last section of this chapter,
experimental results on a reflective configuration are provided and compared
to the theoretical and numerical analyses. A hybrid steering mode, where the
device can be used to steer light to specific angles, or to have its reflections
cancelled by means of total internal reflection (TIR) is also demonstrated.
3.1 Theory of the transmissive
liquid crystal blazed grating
The study of the blazed grating beam-steerer is simplified when we first
consider the structure of one periodically repeating unit of that grating, which
is a prism.
3.1.1 Theoretical analysis
Consider the cross-section of the structure shown in figure 3.2. It shows a
prism of which one interface is parallel to a planar substrate. When light is
incident on this transmissive structure as shown in the diagram, it will exit, in
general, at a different angle than the one at which it entered. The emergence
angle, being the angle a light ray makes with the surface normal of a medium
when it emerges from that medium, can be derived by applying Snell’s law to
the various interfaces and using the following two formulas, derived using
simple trigonometry:
In△𝐴𝐷𝐵 ∶ (𝜋/2 − 𝛿1) + 𝛼 + 𝛽 = 𝜋/2 ⇔ 𝛿1 = 𝛼+ 𝛽
(3.1)
In△𝐵𝐶𝐸 ∶ (𝜋/2 − 𝛾) + 𝛿2 + (𝜋/2 − 𝛼) = 𝜋 ⇔ 𝛾 = 𝛿2 − 𝛼
(3.2)
Application of Snell’s law to the various interfaces now teaches us that the
angle at which light exits, 𝜃o is given by:
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Fig. 3.2: Ray diagram showing the transmission of a beam of light through a
structure with an inner wedge.
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Snell
= arcsin [
𝑛2
𝑛3
sin 𝛾]
BCE
= arcsin [
𝑛2
𝑛3
sin (𝛿2 − 𝛼)]
Snell
= arcsin [
𝑛2
𝑛3
sin(arcsin{
𝑛1
𝑛2
sin 𝛿1}− 𝛼)]
ADB
= arcsin [
𝑛2
𝑛3
sin(arcsin{
𝑛1
𝑛2
sin [𝛼 + 𝛽]} − 𝛼)]
Snell
= arcsin [
𝑛2
𝑛3
sin(arcsin{
𝑛1
𝑛2
sin [𝛼 + arcsin(
𝑛0
𝑛1
sin 𝜃i)]} − 𝛼)]
(3.3)
Equation (3.3) indicates that a change of the emergence angle can be
effected by varying any of the 6 parameters: 𝜃o is a function of the incidence
angle 𝜃i, the slope or blaze angle 𝛼, the refractive indices of the outer media,
𝑛0 and 𝑛3 or the refractive indices of the inner media 𝑛1 and 𝑛2. If medium 1
or medium 2 would be a liquid crystal, the refractive index can be changed
electrically, which would lead to a deviation in the emergence angle. If, for
example, medium 1 is a liquid crystal, we may write:
𝛥𝜃LC→so = 𝜃o(𝜃i, 𝛼, 𝑛0, 𝑛e, 𝑛s, 𝑛3) − 𝜃o(𝜃i, 𝛼, 𝑛0, 𝑛o, 𝑛s, 𝑛3), (3.4)
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where 𝑛e and 𝑛o are the extraordinary and ordinary refractive indices of the
liquid crystal respectively and 𝑛s the refractive index of the substrate, which
in this example would then be medium 2. The superscript, LC→ s, denotes
that this is the deviation angle when light passes through the liquid crystal
before it travels through the grating substrate.
Equation (3.3) can be simplified under the following assumptions: the
angle of incidence is small, such that sin 𝜃i ≈ 𝜃i ≈ arcsin 𝜃i; the outer media
are the same and have a refractive index of equal to that of air, 𝑛0 = 𝑛3 = 1;
the refractive indices of the inner media are similar, 𝑛1 ≈ 𝑛2; the blaze angle
𝛼 is small. Under those assumptions, equation (3.3) reduces to:
𝜃o ≈ (𝑛1 − 𝑛2)𝛼 + 𝜃i (3.5)
This simplified equation shows that any change to 𝜃i would translate to the
same change in 𝜃o. More interestingly, any change to the refractive indices of
the enclosed media would be multiplied by the angle 𝛼:
𝛥𝜃o ≈ 𝛥𝑛𝑖 × 𝛼 (3.6)
Thus, in a structure where the blaze angle, 𝛼, would be 10°, a change of the
refractive index by 0.2, a typical value for the birefringence of common liquid
crystals, would result in a deviation of the emergence angle over 𝛥𝜃o ≈ 2°.
Equation (3.6) serves as a good first order approximation of the deviation
angle one can expect from a beam that is transmitted through the device that
is schematically represented in figure 3.2.
Note that in figure 3.2, the ray is assumed to be incident from the right
of the upper substrate normal and 𝜃i is positive. The effect of using negative
incidence angles, or –in other words–having the incident beam coming from
the left of the upper substrate normal, on equation (3.3) is limited to sign
changes in 𝛼, as explained in appendix A. After simplification of the deflection
angle to a form similar to that of equation (3.6), we see that the absolute value
of the beam deflection, |𝛥𝜃o|, is the same in both situations (beam incident
from the right of the upper substrate normal or from the left) and we will
therefor use positive angles of incidence whenever we numerically evaluate
equation (3.6) or its predecessors.
We now perform a study using equation (3.3) to derive a set of guidelines
to maximize the deviation angle, 𝛥𝜃o, when one of the two inner media is a
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liquid crystal that is switched.
A. Propagation direction
An import decision should be made at the start of the design of this device:
whether the transmitted light beam should first propagate through the liquid
crystal medium and then through the solid material or vice versa. If we
assume that medium 1 is a liquid crystal and medium 2 an isotropic dielectric,
this design decision means that light propagates either from top to bottom in
figure 3.2 or from the bottom to the top.
Equation (3.6) hints that the direction in which light propagates will not
influence the overall deviation angle. Numerically evaluating𝛥𝜃o for the two
scenarios using equation (3.4) and equation (3.3), and assuming the refractive
index of the outer media is 1, leads to figures 3.3 and 3.4. These figures
illustrate the achievable deviation angle evaluated on a limited subset of the
5-dimensional domain of that function. Each figure is subdivided in 3 columns:
in the first one from the left, equation (3.4) is evaluated, meaning light travels
through the liquid crystal before it is refracted at the LC–grating interface.
In the second column, the deviation angle is evaluated in the alternative
scenario where light travels through the grating first before it passes the LC
(𝛥𝜃s→LCo ). The third column shows the difference between both deviation
angles in absolute values: |𝛥𝜃LC→so | − |𝛥𝜃
s→LC
o |. If the value is positive, the
first scenario is more advantageous to achieve larger deviation angles. Positive
values are shown in red, negative values in blue.
Each row in figures 3.3 and 3.4 is the evaluation of those three functions
using the refractive indices shown at the top of that row. Note that the
limited subset of parameter choices shown in figures 3.3 and 3.4 is realistic
for solid materials that are transparent, such as optical plastics which usually
have refractive indices in the range from 1.4 to 1.6 in the visible wavelength
spectrum [1, 2].
Notice that while the color schemes used in the two columns to the left
are the same, the values are negated. The sign of the deviation angle refers to
the direction in which the light beam will deflect when the effective refractive
index of the LC changes from 𝑛e to 𝑛o: a negative value indicates a clockwise
change in figure 3.2, a positive value is a counter-clockwise change.
The last columns teach us that the obtainable deviation angles in both
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Fig. 3.3: Comparison of the achievable deflection angle between the situation
where light travels from the LC to the grating substrate (left column: 𝛥𝜃LC→so )
and vice versa (middle column: 𝛥𝜃s→LCo ). The column to the right shows
|𝛥𝜃LC→so | − |𝛥𝜃
s→LC
o |, with negative values indicated in blue, positive values
in red.
scenarios are similar, especially at low values for 𝛼 and 𝜃i, there is no clear
indication to prefer one scenario over the other. This confirms the statement
made at the beginning of the second paragraph in this subsection. There are
also a few trends that can be seen in these graphs:
• As the birefringence of the liquid crystal increases, larger deviation
angles are more often found when light travels from the liquid crystal
to the blazed grating.
• The case where light travels from the LC to the grating substrate
becomes more preferable for steering over larger angles, when the
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Fig. 3.4: Comparison of the achievable deflection angle between the situation
where light travels from the LC to the grating substrate (left column: 𝛥𝜃LC→so )
and vice versa (middle column: 𝛥𝜃s→LCo ). The column to the right shows
|𝛥𝜃LC→so | − |𝛥𝜃
s→LC
o |, with negative values indicated in blue, positive values
in red. The difference with figure 3.3 is the refractive index of the grating
substrate.
grating substrate has a smaller refractive index.
• The influence of the angle of incidence on the deviation angle is
negligible, especially at low values for 𝛼 and 𝜃i.
From this discussion, we conclude that there is no pronounced difference
in the deviation angle between the two scenarios that were described earlier.
When the refractive index of the grating substrate is rather small, the deviation
angle tends to be slightly larger when light first propagates through the LC
and then through the dielectric. Given that most optical plastics used in the
LCP research group have a refractive index in the lower range, in the rest
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of this chapter it is assumed that light first propagates through the liquid
crystal, refracts at the boundary between the LC and the dielectric and then
propagates through the dielectric.
B. Influence of periodicity
There is another reason to prefer the configuration where light travels through
the LC layer before it travels through the grating substrate. As mentioned
in section 1.3.1.A, liquid crystal layers are kept thin to reduce the switching
speed. This means normal sized prisms are “wrapped” in a blazed grating
configuration, which have the same beam-steering effect for monochromatic
light where the optical path difference across the discontinuous jumps is a
multiple of the wavelength. When we take into account the typical refractive
indices of liquid crystals and optical plastics, often 𝑛e > 𝑛o ≈ 𝑛s. Looking
at the simple ray diagrams shown in figure 3.5, it is clear that shadowing
may occur when the hybrid LC grating is illuminated from the bottom (the
grating substrate) along the grating normal, which will reduce the efficiency.
Light that hits the vertical slope will be deflected in a different direction than
desired. This can be compensated by having light entering from the grating
substrate side under a small angle.
The periodicity of the grating also introduces diffraction, which is unavoid-
able for coherent light. As mentioned in section 2.2.2.D, because of this, the
direction in which light will propagate is quantized: there is a set of angles
(orders) to which light can be diffracted and these orders are given by the
grating equation equation (2.5). A good match between these angles and the
angles predicted by the analysis using Snell’s law ensures efficient steering.
LC𝑛e
𝑛s
Fig. 3.5: Ray diagram illustrating the loss of efficiency due to shadowing: light
travelling from the grating the higher refractive index LC could hit the steep
grating reset as indicated in the left. When light travels the other way, this is
not the case, as illustrated with the light beam to the right.
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C. Substrate sensitivity considerations
Equation (3.6) also hints at the negligible sensitivity of the deviation angle due
to changes in the refractive index of the substrate. This is not directly clear
from figures 3.3 and 3.4, but by taking a different view into the 5-dimensional
space, it is shown that this is the case. This is illustrated in figure 3.6, which
shows the expected deviation angle as a function of the refractive index of
the substrate and the difference in refractive indices of the liquid crystal (the
birefringence) for 3 scenarios.
This degree of freedom in the choice of the dielectric is a great feature,
as it allows us to design a prism-like substrate in any material we want. The
micromachining of polymers, which are inexpensive, can be done with greater
ease than the micromachining of glass [3]. Furthermore, polymers lend
themselves to easy replication by molding and embossing techniques, such
as soft embossing, which decreases the price of devices manufactured in this
way.
Figure 3.6 also illustrates that the simpler formula of equation (3.6) gives
a good approximation of the achievable deflection angle, when the incidence
angle and blaze angle are small.
D. Polarization considerations
Finally, before we take a look at the realistic beam deflection behavior of the
transmissive device, we consider the effect of the liquid crystal birefringence
0.0 0.1 0.2 0.3
𝛥𝑛LC
1.4
1.5
1.6
1.7
𝑛
s 2° 4° 6
°
𝛼 = 20°
𝜃i = 0°
0.0 0.1 0.2 0.3
𝛥𝑛LC
1° 2° 3°
𝛼 = 10°
𝜃i = 0°
0.0 0.1 0.2 0.3
𝛥𝑛LC
1° 2° 3
°
𝛼 = 10°
𝜃i = 10°
Fig. 3.6: The deviation angle as a function of the refractive index of the
substrate and the difference in refractive indices of the liquid crystal, based
on equation (3.4) and equation (3.3). 𝑛o is assumed to be 1.5.
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on the polarization of light.
In our simplistic model, thus far we have assumed that light passing
through the liquid crystal layer experiences either the ordinary or the ex-
traordinary refractive index of the liquid crystal. This assumption is valid
for only one polarization direction and only if the LC director is uniform
over the entire grating. We will see in the next section that the LC does not
switch uniformly however and study the influence of that on the device’s
beam-steering efficiency in section 3.1.2.
Consider figure 3.7, which shows three possible director configurations
for a nematic liquid crystal on a slanted interface. In the first, the director is
perpendicular to both substrates, a configuration also known as homeotropic
alignment at both substrates. In this configuration s-polarized light experiences
the ordinary refractive index, while p-polarized light experiences an effective
refractive index that lies between the ordinary and extraordinary refractive
index and is given by [4]:
𝑛eff(𝜃, 𝑛e, 𝑛o) = (
cos2 𝜃
𝑛2o
+
sin2 𝜃
𝑛2e
)
−1/2
(3.7)
where 𝜃 represents the angle between the propagation direction of light and
the director. Because the interfaces are not parallel themselves, this director
configuration is inhomogeneous and so the effective refractive index will
depend on the position within the LC. In figure 3.7b, the director is viewed
head-on, with its main axis perpendicular to the 𝑥𝑦 plane. In this configuration
s-polarized light experiences the extraordinary refractive index of the liquid
crystal, as the electrical component of light, ⃗𝐸, is parallel to the director.
P-polarized light experiences the ordinary refractive index in that case. Finally,
in figure 3.7c the director is parallel to the 𝑥𝑦 plane and is parallel to the
upper and lower interfaces in their neighborhoods. This director configuration
is also inhomogeneous; there is a non-negligible amount of splay energy in the
bulk of this LC configuration. Here, s-polarized light experiences the ordinary
refractive index of light, regardless of its position in the liquid crystal, while
p-polarized light experiences an effective refractive index that is dependent
on the position. Table 3.1 summarizes the refractive indices experienced by
light of the two mutually orthogonal polarization modes.
We already know from the previous section that in order to maximize
the deviation angle, 𝛥𝜃o, the difference between the two refractive indices
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Fig. 3.7: The three possible director configurations under consideration in a
simplistic LC switching model of the wedge-shaped device. The orthogonal s-
and p-polarizations of an incident wave are indicated.
Table 3.1: The experienced refractive index for s- and p-polarized light in the
three situations depicted in figure 3.7.
Fig.3.7a Fig.3.7b Fig.3.7c
s 𝑛o 𝑛e 𝑛o
p 𝑛eff(𝑦) 𝑛o 𝑛eff(𝑦)
experienced by light in the liquid crystal should also be maximized. In practice
the LC is switched between the situations shown in figure 3.7a and figure 3.7b
or between figure 3.7a and figure 3.7c. Table 3.1 shows that the largest
index difference between these scenarios is obtained when switching between
figure 3.7a and figure 3.7b, using s-polarized light.
Note that in this discussion, there has been no mention of the sign of the
dielectric anisotropy,𝛥𝜀, of the liquid crystal: it could be positive or negative.
The only effect this property would have is that it would define which of
the figures represents the state of the LC when no voltages are applied (the
“off-state”).
3.1.2 Numerical analysis of the
transmissive grating
In the previous paragraphs the working principle of a one-dimensional hybrid
liquid crystal beam-steering device was explained. To derive the simple
expression of equation (3.6) the assumption that the liquid crystal is uniform
in the presence of an applied voltage and without it, was silently made. This
is not the case in reality and it was already hinted at near the end of the
previous section: figures 3.7a and 3.7c show a director field that is not uniform.
The quasi-static electric field originating from applied voltage signals plays
an important role in the director configuration. Intuitively we feel that in a
sawtooth-like cavity, the electric field is in general not uniform. As the director
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tends to align with the electric field*, the director field will also be nonuniform.
The liquid crystal director configuration in the beam-steering device we have
studied thus far can be simulated numerically. The director field will depend
on the geometry of the device, the placement of the electrodes, the applied
potential and the materials used.
In this section, the director field is numerically simulated for a few
scenarios, using the FEM software discussed in section 2.2.1.B.
A. Used geometry and materials
The simulated device geometry is shown in figure 3.8. To be able to compare
the experimental results discussed in section 3.4 to the simulations, the
parameters of the simulated geometry, shown in the figure, are chosen in such
a way that they resemble best the devices that were fabricated and tested. This
will not limit all the conclusions of this chapter to just this specific geometry
though, as some findings are applicable to similar geometries with a set of
different parameters.
In the software, the alignment layers are configured to impose a prefer-
ential direction to the LC director along the 𝑧-axis, with a 2° pretilt on both
the LC–superstrate interface, as well as the LC–grating interface, to achieve
anti-parallel alignment. The anchoring is assumed to be strong: the polar and
azimuthal anchoring energy are set at 1× 10−3 Jm−2.
LC: E7
𝜀 = 7.4
𝜀 = 3.98
𝑛 = 1.49
𝛬 = 50 μm
𝛼 = 10°
ℎmax = 21.4 μm
ℎmin = 12.9 μm
𝑦
𝑥
Fig. 3.8: Schematic of the simulated geometry and the material constants of
interest. Material parameters of the used LC are given in tables 2.1 and 2.2.
Note that due to the periodicity of the grating, only one period needs to be
simulated.
*For liquid crystals with positive dielectric anisotropy. With negative dielectric anisotropy the
director tends to be perpendicular to the electric field.
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B. Electrical simulation results
The position of the electrodes has not been mentioned thus far. They are
typically placed in close proximity to the LC to reduce the voltages needed
to switch the material. That leaves two options. For the upper substrate (the
“superstrate”), the electrode is simply placed directly on the interface between
the liquid crystal layer and the superstrate. For the electrode on the side of
the grating there are two choices: either the electrode is deposited on top
of the grating, following the grating interface or it is deposited underneath
the grating. The former has the advantage that any applied electric potential
difference is entirely over the liquid crystal, while in the latter the dielectric
grating substrate acts as a capacitor in series with the liquid crystal and will
thus screen a part of the applied electric potential. Because the permittivity
of the grating is smaller than that of the liquid crystal and the thickness of
the grating substrate could potentially be much thicker than the liquid crystal
layer, the electric potential drop over the grating could be quite high. The
shielding effect of the grating is simulated in this work with the FEM software
that caculates the director orientation (ref. section 2.2.1.B), which also solves
the Poisson equation for the electric field.
The configuration where the electrode is underneath the grating has
a distinct fabrication advantage: substrates with a transparent conductive
coating can simply be bought. Depositing a transparent conductive coating on
top of a structured surface is not straightforward and care has to be given to
the deposition parameters such as deposition angle and possible heating of the
substrate. The influence of the electrode position on the director profile and
thus the deviation angle will be discussed in this section and section 3.1.2.C.
The results of four simulations at different potentials for the two different
configurations are visualized in figures 3.9 and 3.10. These figures show the
director profile within the liquid crystal cavity, together with the equipotential
lines over the entire unit cell. Only one period of the grating is simulated, as
periodic boundary conditions on the left and right sides are applied. Dirichlet
boundary conditions apply to the electrodes. Note that the grating substrate
extends 2.5 μm below the lowest point of the grating. For the electrical
simulation, the thickness of the grating is irrelevant in case the electrode is on
top of the grating as both electrodes extend over the entire substrate. For that
reason the thickness of the grating is not indicated in figures 3.9a and 3.9b.
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Fig. 3.9: Simulated director profile and equipotential lines in a hybrid geometry
where one electrode covers the upper, planar substrate and another electrode
is coated over the grooves of the grating. In (a), the voltage between the
electrodes is 𝑉 = 0.8 V, while in (b) 𝑉 = 7.7 V. The structure is periodic
along the 𝑥-direction. The black dots and rods represent the projection of the
liquid crystal director on the 𝑥𝑦-plane. The thick, black lines represent the
electrode covered interfaces.
It is clear from figures 3.9a and 3.9b that the non-planar profile of the
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Fig. 3.10: Simulated director profile and equipotential lines in a hybrid ge-
ometry where one electrode covers the upper, planar substrate and another
electrode is below the grooves of the grating. The same notations as in fig-
ure 3.9 apply. The thinner black line shows the outline of the grating that is
not covered by an electrode.
grating causes a laterally varying electric field that is strongest at the peak
of the grating. The x-component of the electric field is non-negligible in
the neighborhood of the steep sidewall and this gives the director a strong
68 CHAPTER3: HYBRID LIQUID CRYSTAL BEAM-STEERING
x-component there, rather than merely tilting the director, which is the case for
the majority of the cell. When the electrode is below the grating (figures 3.10a
and 3.10b) and a voltage is applied that is insufficient for reorienting the
liquid crystal, the equipotential lines are nearly parallel and the influence
of the grating structure on the electric field distribution is negligible. The
reason for this is simple: in this configuration, the permittivities of both
the grating and the liquid crystal are similar, 𝜀s ≈ 𝜀⟂. To the electric field,
it is as if the entire cell, grating plus liquid crystal, is filled with a nearly
homogeneous material, similar to a parallel-plate capacitor. Once the electric
potential difference is sufficiently high and the director starts to reorient, the
isopotential lines change rapidly and the potential drop over the liquid crystal
becomes smaller relative to the drop over the dielectric. The reason for this is
that 𝜀∥ is approximately five times that of the substrate.
At low voltages, the initial alignment of the director is along the grating
grooves, i.e. perpendicular to the 𝑥𝑦 plane of these figures. By comparing
the two configurations at higher voltages, we notice that in both scenarios
the director is nearly perfectly tilted, except in the neighborhood of the steep
grating edge. There, the director exhibits noticeable twist, which is more
pronounced when the electrode is on top of the grating (figure 3.9b). From
this observation, it may be expected that light passing through this region will
undergo some degree of polarization rotation.
C. Optical simulation results
To verify the device’s beam-steering functionality, the power in the transmitted
diffraction orders at 633nm is recorded, relative to the power of the incoming
source. The orders are determined by the periodicity of the grating and the
wavelength, according to the grating equation, which is given in equation (2.5).
In the simulation, s-polarized light is perpendicularly incident on the structure
(𝜃i = 0), so the electric field component is along the grooves and hence along
the director when no potential is applied. The boundary conditions in the
optical simulations are Bloch-periodic at the sides and a perfectly matched
layer at the top and bottom.
Figures 3.11 and 3.12 show the results of the optical simulations for the
two scenarios, with the electrode above and below the grating respectively.
Figures 3.11a and 3.12a nicely illustrate the beam shifting behaviour: as the
3.1. THEORY OF THE TRANSMISSIVE LIQUID CRYSTAL BLAZED
GRATING 69
voltage over the liquid crystal increases, the majority of the beam power moves
from one order to the next. This is also shown in figures 3.11b and 3.12b
which are alternative presentations of the same data that allow for easier
reading of the actual power levels. At low voltages the power is distributed
nearly equally in the 4th and 3rd order for both electrode configurations. The
analytical equation derived in section 3.1 predicts that when the experienced
refractive index is 𝑛e, a perpendicularly incident lightbeam would emerge at
an angle of 2.4°, which is between both the angles computed in the simulation
that correspond to the 4th and 3rd order.
When the electrode is above the grating, the total beam deflection, 𝛥𝜃o,
is about 2.2° and the power in the 1st order reaches its maximum at 4.0V.
While the power in the zeroth order keeps increasing as the voltage increases,
it never reaches a value comparable to the maximum of the other orders.
The power increase for the zeroth order also occurs much slower than the
power changes that occur for the other orders in the range of 0.0V–4.0V.
This indicates that the bulk of the liquid crystal is fully switched after about
4V–5V. The small changes that occur for larger voltages are likely due to
reorientation of the liquid crystal near the substrate, which is governed by
the interplay of anchoring effects and applied electric field.
The sequence of diffraction orders that carry the majority of power is
more complex when the electrode is below the grating. Figure 3.12a shows
that the beam initially moves from the 4th order to the 0th order and goes
further until it reaches the 1st order on the other side of the grating normal
(order −1). This corresponds to a change of about 3.6° over 4V. The beam
then gets directed back to the 0th order, which becomes dominant around 6V
and reaches a maximum of 71% at 9.1V.
Figures 3.11 and 3.12 show the combined intensity of both s- and p-
polarized light in the different diffraction orders. It is instructive to separate
both polarizations to see how much of the incident light, which is s-polarized,
is converted to p-polarized light. Figure 3.13 shows the normalized intensity
of that part of figure 3.11a which is p-polarized. As the colorbar indicates,
only about 6% of the light present in the results of figure 3.11a is p-polarized.
Conversion to p-polarized light (polarization leakage) becomes pronounced
around 5V. Figure 3.14 shows the p-polarized transmitted diffraction orders
when the electrode is below the grating. Like the previous scenario, where the
electrode is above the grating, very little light is converted. The conversion
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Fig. 3.11: Simulated power in several transmitted diffraction orders for the
hybrid grating where the bottom electrode is on top of the grating and 𝜆 =
633 nm. In (a) the beam jumping behaviour is illustrated, whereas (b) shows
power details more clearly.
starts at higher voltages, compared to figure 3.13, which is logical, because
the voltage over the liquid crystal is reduced by the grating in this case, so
that higher voltages are needed to induce a similar change in the LC director.
Note that in figures 3.11 to 3.14, the power is normalized with respect to
the power of the incoming light. A part of the incident light will be reflected
as light travels from air (the surrounding medium) to the device. Figure 3.15
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Fig. 3.12: Simulated power in several transmitted diffraction orders of the
hybrid grating where the bottom electrode is below the grating and 𝜆 = 633 nm.
In (a) the beam jumping behaviour is illustrated, whereas (b) shows power
details more clearly.
shows that about 88% is transmitted and that about 78% ends up in the
orders −1 to 4.
D. Partial summary
In this section, two configurations of the hybrid grating have been compared.
They differed in the location of the electrodes. Simulations show that by
72 CHAPTER3: HYBRID LIQUID CRYSTAL BEAM-STEERING
1.0 2.5 4.1 10.0
voltage (V)
2.9
2.2
1.5
0.7
0.0
diffraction
angle(°)
1% 2% 3% 4% 5% 6%
normalized beam intensity
4
3
2
1
0
order
number
Fig. 3.13: The part of figure 3.11a that is p-polarized. Note the different
colorscale between both figures.
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Fig. 3.14: The part of figure 3.12a that is p-polarized. Note the different
colorscale between both figures.
placing the electrode 2.5 μm below the grating the tunable deflection range
can be increased from 2.2° to 3.6°, compared to the situation where the bottom
electrode is on top of the grating. In both cases, the required voltage over the
entire cell is only 4V. The normalized maximal power in each order is about
40% when the electrode is below the grating, compared to about 60% when
the electrode is on top of the grating. Little polarization conversion occurs
in both configurations. Both configurations have their advantages and the
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Fig. 3.15: The power, 𝑃, in the diffraction orders𝑚 = −1 to𝑚 = 4 compared
to the total power transmitted through the structure for 633nm light.
application requirements should dictate which of these is to be used.
3.2 Theory of the reflective
liquid crystal blazed grating
One way to increase the deflection range from the hybrid grating is to use
the device in reflective mode. In the following sections, the reflective hybrid
grating is analyzed in a similar way as was done for the transmissive hybrid
grating.
3.2.1 Theoretical analysis
Similar to section 3.1, the equation that determines the emergence angle can
be derived based on geometric optics. Figure 3.16 shows the ray diagram for a
ray that reflects on the slanted interface of the hybrid grating. The emergence
angle is given as:
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Fig. 3.16: Ray diagram showing the reflection of a lightwave through a
structure with an inner wedge. The angles drawn are representative for
realistic combinations of 𝑛0 and 𝑛1, with 𝑛1 > 𝑛0.
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In a similar way as before, equation (3.8) can be simplified by assuming
that the angle of incidence, 𝜃i, and the blaze angle, 𝛼, are small and that the
refractive index of the outer environment, 𝑛0, is equal to that of air. We may
write then for the deviation angle, 𝛥𝜃o = 𝜃o(𝛼, 𝜃i, 𝑛e) − 𝜃o(𝛼, 𝜃i, 𝑛o), that
𝛥𝜃o ≈ 2 ×𝛥𝑛LC × 𝛼 (3.9)
in which𝛥𝑛LC is the birefringence of the liquid crystal, the difference between
the refractive index for the extraordinary and the ordinary ray, 𝛥𝑛LC =
𝑛e − 𝑛o.
Similar to equation (3.6), this equation shows that the blaze angle acts
as a multiplicative factor to the birefringence of the liquid crystal. Because
of the reflection, there is now also a doubling of the deviation angle. In the
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transmissive grating, the refractive index of the substrate was negligible. It
had to be optically transparent though. In the reflective configuration, there
is no influence of the substrate at all. It does not even have to be transparent.
This allows even more freedom for the designer.
Naively, one might want to increase the angle𝛼 to obtain a larger deviation
angle. Unlike the transmissive grating, there is a limit to this: as figure 3.16
shows, the angle at which the beam exits is larger than the incidence angle.
By increasing 𝛼, the upwards travelling beam will eventually hit the top
substrate interface at the critical angle, 𝛿𝑐, at which TIR occurs. For the
refractive indices of the liquid crystal E7 at 633nm, this already happens at
𝛼𝑐 = 17.7° (𝑛e experienced) and 𝛼𝑐 = 20.6° (𝑛o experienced). By using a
blaze angle of 17.6°, the deflection angle could become as large as 24.6°, based
merely on equation (3.8) and the refractive indices of E7 mentioned earlier.
However, the magnitude of the partial reflections from the inner medium
to the environment would be close to 100% as predicted by the Fresnel
coefficients [5], so while this scenario would be more ideal for obtaining a
larger deflection angle, it will reduce the amount of power reflected from the
device. A blaze angle of 10° ensures that we remain below the critical angle
for total internal reflection, while preserving a moderate amount of power in
the reflected orders. It would lead theoretically to a deviation angle of 5.0°,
assuming the refractive index of the liquid crystal is uniform and equal to
either E7’s 𝑛e or 𝑛o. The TIR condition can still be reached by increasing the
angle of incidence, which will be discussed in section 3.4.3.
3.2.2 Numerical analysis of the reflective
grating
For the electrical simulations in which the director profile is computed, the
simulation results for the transmissive grating apply to the reflective grating
as well. Figure 3.9 would still describe the director profile when light would
be reflected from the grating.
For the optical simulations a few changes need to be made: the material
that the grating is made of should be replaced by a proper reflector or covered
with a thin reflective layer. Such a material can be found in Lumerical’s
material database: “Ag (Silver) - CRC”. The choice for silver is inspired by
the physical realisation of a reflective grating that happened concurrently
and which required a few processing iterations to find a deposition method
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that would work on the grating. Furthermore, the position of the far-field
calculating component needs to be changed from below the grating to above
the device to measure the reflected waves. In these optical simulations, as
well as with those for the transmissive grating, light is assumed to enter the
liquid crystal directly from air, there is no upper substrate present. This is not
a physically realistic simulation, because an alignment layer is still present
at the LC–air interface. A planar substrate there would not change the phase
of the monochromatic wave as it emerges from the cell, so it is allowed to
ignore it for simulating the angles to which light diffracts, as those depend on
the phase. An upper substrate would affect the power radiated in the various
orders though, so some caution is advised when discussing powers.
Figures 3.17a and 3.17b show how a plane wave propagates through
the structure, at two different times, when the two electrodes are at the
same electric potential. In figure 3.17a, the plane wave has just reached the
reflective interface and the reflected wave is interfering with the incident
wave. Three regions can be distinguished and are labelled in the figure: in the
region labelled A, the wave fronts of the specularly reflected wave interfere
with the wavefronts that are propagating towards the grating. In the region
labelled B, the plane wave that is transmitted propagates through the liquid
crystal medium towards the slanted interface, whereas in the C-region that
downwards propagating wave interferes with the wave that is specularly
reflected from the upper interface.
Figure 3.17b shows the situation at a later time, after continuous wave
(CW) regime has set in and the source of the plane wave is subsequently
abruptly stopped*. Four regions can be distinguished: in D, the reflected wave
is propagating through the surrounding air medium. In E, the reflected wave
is still within the LC medium. It is clear from the angle the wavefronts make
that the direction the wave travels in within the LC medium is different from
the direction it travels in when it is in air. That difference corresponds to the
difference between the angles 𝛿 and 𝜃o in figure 3.16. In the region marked
by the letter F, the incident wave and the reflected wave interfere, similar
to region C in figure 3.17a. Finally, in region G another interference effect
is visible. Its origin can be found in the different optical path lengths that
rays falling to the left and right of the steep slope of the grating experience.
*This is not a physical possibility, but allows a clearer view of certain aspects of the wave
propagation.
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Had the optical path length difference been a multiple of the wavelength, this
interference pattern would not have been visible. Note that in both images
only the s-polarized waves are being shown.
By recording the diffraction pattern of the reflected wave at different
voltages, a good image of the beam deflection behavior is formed, similar
as was done for the transmissive grating. The result of these simulations is
shown in figure 3.18. Figure 3.18a shows that by changing the voltage from
A
BC
(a) The plane wave has just reached the reflector, but CW regime has not yet set
in. A: specular reflection. B: transmitted wave propagating towards the grating. C:
interference between the reflected and incident wave.
D
E
F
G
(b) The source is abruptly stopped and the last wavefronts propagate through the
structure. D: reflected wave in the device’s surrounding medium. E: reflected wave in
the LC (no interference effects). F: interference of the reflected wave and the incident
wave in the LC. G: interference due to optical path length mismatch.
Fig. 3.17: Snapshot of a steady-state plane wave (𝜆 = 633 nm) reflecting off
a slanted interface. Only Re(𝐸𝑧) is shown.
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0V to 6.5V the beam deflects roughly 5.3°, a value that is very close to the
result obtained earlier from the analytical formula that was based merely on
geometric optics.
As before, the amount of light that is converted from the incident s-
polarized wave into p-polarized light is extracted from the simulations. It
is shown in figure 3.19. The colorbar reveals that there is considerable
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Fig. 3.18: Simulated power in several reflected diffraction orders of the hybrid
grating where the bottom electrode is on top of the grating and 𝜆 = 633 nm.
In (a) the beam jumping behaviour is illustrated, whereas (b) shows power
details more clearly.
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polarization conversion this time. Comparison of figure 3.18a and figure 3.19
indicates that the power in the 43rd diffraction order is nearly all p-polarized.
The power in the orders 42 to 48 is about 64% of the power of the
incident wave, as figure 3.20 shows. About 7% of the incident light is
specularly reflected from the air–LC interface, which corresponds to the
Fresnel reflection coefficient for normal incidence from air to a medium with
refractive index 𝑛e and is given by [5]:
𝑅(𝜃i = 0) = ∣
1 − 𝑛e
1 + 𝑛e
∣
2
(3.10)
Only 88% is captured in all the reflected orders. That means that about
12% is lost due to absorption at the metallic interface and due to light that is
trapped by total internal reflection. Indeed, a fraction of the reflected light
that reaches the upper substrate is reflected back towards the grating. Upon
each successive roundtrip, the angle 𝛿 from figure 3.16 increases. Eventually
that angle will be larger than the critical angle at which point total internal
reflection occurs.
3.3 Fabrication of a reflective
hybrid grating
The reflective grating described in the previous section has also been fabricated
and tested. In the theoretical description, variations of the blaze angle and
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Fig. 3.19: The part of figure 3.18a that is p-polarized. Note the different
colorscale between both figures.
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Fig. 3.20: The power, 𝑃, in the reflected diffraction orders𝑚 = 42 to𝑚 = 48
compared to the total reflected power for 633nm light. Also shown is the
specularly reflected light (light in the zeroth order).
thickness of the LC layer over multiple grating periods are assumed to be non-
existent. These devices were manufactured in a non-industrial environment,
which means that any variations will likely be larger than what an industrial
type of processing could achieve. In this section, the fabrication process
is detailed and measurements of the device’s geometrical parameters are
presented.
3.3.1 Grating description
The gratings were custom made by Michael Vervaeke of the B-Phot team of
the Vrije Universiteit Brussel as part of his work for the SECONDOS* project.
Several grating designs were initially proposed, while only some of those
were fabricated and tested in various LC arrangements by Xiaobing Shang,
Pankaj Joshi (both affiliated at the time with the CMST research group of
Ghent University) and the author of this dissertation.
*The SECONDOS project is a Strategic Basic Research project, that was funded in large by the
Belgian government agency for Innovation by Science and Technology (IWT). The project’s full
name is “Smart electro-optical components for the direction of solid-state light”.
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The blazed grating is made of poly(methyl methacrylate) (PMMA), an
isotropic medium with a refractive index of 𝑛PMMA = 1.49 at a wavelength
of 𝜆 = 633 nm [6]. The dielectric constant of PMMA is between 3 and 9
[7, 8], the exact value depends on several parameters, like composition,
polymerization path and degree of cross-linking. For the electrical simulations
described in section 3.1.2.B, where one electrode is below the grating, 𝜀𝑟 =
3.98 is assumed, as this value corresponds to the permittivity of several optical
photopolymers that were used for generating multiple inexpensive substrates
from the more expensive PMMA grating by means of soft-embossing [9]. This
choice allows re-using the simulation results for the inexpensive substrates.
The grating structure is obtained by hot-embossing, a technique allows
for easy replication and upscaling possibilities [10]. A 0.5mm thick sheet of
PMMA, obtained from Notz Plastics AG, is hot-embossed with a brass mold
that was manufactured using ultraprecision diamond milling with a cylindrical
end-mill [11]. Because of the tool geometry, the two slopes of the grating
make a right angle*, as illustrated in figure 3.8. The blaze angle is designed
as 10° and the designed period is 50 μm. This is the same design as presented
in section 3.1.2.A.
One of the parameters used in the simulations is the height difference
between the peaks of the grating and the upper substrate. An accurate
measurement of the lateral profile of these gratings is performed using a
profilometer, before the liquid crystal cell is assembled. This measurement is
shown in figure 3.21 for two different samples of the same grating design. The
height profile near the edges is plotted. The graphs shows that there is a small
variation in the vertical offset from the grating’s side elevation, which is used
to join the grating and the cover substrate during cell assembly. The graphs
also indicate the periodicity, which is close to the design parameter of 50 μm.
It should be noted that due to the finite width of the profilometer’s stylus, the
distance between the peaks and the valleys of the grating cannot be accurately
measured. For that, the Wyko NT3300 non-contact profilometer from Veeco
is used, which is a white-light interferometer system that is designed to profile
structures by using interferometry instead of a stylus.
Figure 3.22 shows a measurement of this white-light interferometer. To
the left is the unprocessed image that the built-in camera sensor images, to its
*These limitations have been reduced at a later stage in the research, so that sharper corners were
possible. The study has continued with a right angle at the top of the grating.
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Fig. 3.21: Measurement of the cross-sectional profile of two samples of the
same grating design using a Dektak 150 profilometer from Veeco.
right is the measured height profile of the same region. A slice along its y-axis
is added to the right, which shows that the distance between the peaks and the
valleys is approximately 8.2 μm. Xiaobing Shang has demonstrated that the
variation of this distance is small (±0.1 μm) and that when this PMMA grating
is used as the master mold for the soft-embossing process, the structure is well
replicated [12]. Figure 3.22 also shows that the grating period is once again
close to 50 μm. From these two dimensions a blaze angle of 9.3° is derived,
slightly less than designed. The gradient in figure 3.22b indicates an overall
smooth slope, although the unprocessed image illustrates that there are some
local disturbances.
After the profiling measurements, a 15 nm thin layer of chromium is
deposited on top of the grating using a physical vapor deposition (PVD)
system. The chromium improves the adhesion of the actual reflective layer,
which is a 50 nm layer of silver that is deposited subsequently. Both processes
are carried out in the same system, under a vacuum pressure of 7× 10−7mbar,
using a deposition speed of 0.5Å s−1 for the Cr layer and 1Å s−1 for the Ag
layer.
3.3.2 Liquid crystal alignment
The next step in assembling the hybrid grating is to ensure a preferential align-
ment direction for the liquid crystal. As the grating is structured, the common
technique of rubbing a cloth uniformly over the substrate (section 2.3.4.A) is
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Fig. 3.22: Surface characterization of the blazed grating using a Wyko NT3300
profilometer from Veeco. (a) Unprocessed image. (b) Height profile. (c) Slice
through the height profile. Red pixels in (b) indicate faulty data.
not advisable because there is a risk that the fibers of the cloth do not penetrate
all the way into the valleys. This does not mean it is impossible, but there
are easier methods to achieve alignment on structured substrates. For the
grating substrates, photoalignment (section 2.3.4.B) is used. The transmission
axis of the polarizer is aligned perpendicular to the grating grooves, to ensure
the resulting preferential orientation of the director is parallel to the grooves,
which results in a director profile shown in figure 3.7b.
3.3.3 Cell edge thickness
After the photoalignment step, a rectangular pattern, slightly larger than the
grating area, is traced on an ITO-coated glass substrate using a syringe filled
with glue. The glass substrate received the same photoalignment treatment
as the grating. It will be used as the cover glass over the grating, creating a
cavity between them. Mixed in the glue are spherical spacers of nominally
5.5 μm (Micropearl SP-2055 from Sekisui Chemical GmbH), which ensure a
reproducible distance between the two substrates of the liquid crystal cell. It
is at this point that the grating substrate is placed on top of the glass substrate.
Pressure is applied uniformly to get good contact between both substrates
and the glue as well as to keep the distance between the two substrates at
about the size of the spacers. After curing the glue, the cell gets filled with
the liquid crystal mixture E7. The glue outline does not form a closed loop, so
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that liquid crystal can be injected into the cavity by placing a tiny amount
of liquid crystal close to the opening of that outline. The droplet will spread
in the cavity due to capillary forces. The cell is now fully assembled. Its
cross-section is shown in figure 3.23. It is sometimes useful to add more glue
to the edges to reduce the risk of failure if in the initial outline not enough
glue was used. The cavity can also be fully sealed if that is desired. For the
cell of which the measurement results are discussed in section 3.4, more glue
was added to prevent the two substrates from detaching, which happened to a
few other cells.
3.3.4 Alignment check
The effectiveness of the photoalignment can be evaluated after filling the cell
with liquid crystal. Observation of the cell using polarized light microscopy
(see section 2.3.5) gives the images shown in figures 3.24a and 3.24b. For
these two images, the sample was tilted by approximately 18°, which is
necessary to capture the reflected light with the 0.25 numerical aperture
microscope objective. The tilt of the sample is evident from the defocusing
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Fig. 3.23: Cross-section of the structure of the studied device. Only three
grating periods are shown, but in reality there are about 100. The idealized
working principle is illustrated: (a) in absence of an applied voltage, the
director is aligned with the grating, along the z-axis—(b) when an electric
potential is applied, the liquid crystal switches, thereby causing a change in
the effective refractive index. ℎspacer = 5.5 μm, ℎridge ≈ 14.2 μm, 𝛬 = 50 μm.
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in figure 3.24b: only the center part of the images is in focus. Most of the
liquid crystal is homogeneously aligned, which is apparent from the overall
dark appearance when the alignment direction of the liquid crystal is parallel
to one of the polarizers (figure 3.24a). When the director is at 45° relative
to the polarizer transmission axes, as in figure 3.24b, the image is uniformly
bright, except for some smaller patches that vary in intensity compared to their
surroundings. This non-uniform intensity can be explained using figure 3.24c,
which shows the PMMA grating imaged from the backside (no liquid crystal),
at the edge of the grating. Similar roughness is observed as in figure 3.22a, so
these defects were present before the assembly. Figure 3.24d shows the same
sample, observed using polarized light microscopy, with a larger magnification
microscope objective, when light from red light emitting diodes (LEDs) is used
and transmitted by the sample. The reflective coating is not thick enough to
block all the light from the LEDs. About three sinusoidal variations in the
intensity can be distinguished in each grating period. These fringes are the
result of linearly increasing retardation [13]. It is believed that the fringes do
not show up in figure 3.24b, because the fringes from different wavelengths
in the microscope bulb’s broadband spectrum overlap at different positions,
which reduces the contrast of the fringes. The direction of the fringes, parallel
to the grooves, also indicates good uniaxial alignment.
3.4 Experimental results of the
reflective grating
In this last part, the beam-steering functionality of the device fabricated in
section 3.3 is tested and compared to the theory. It is also shown how the
device can be used not just to steer light, but also to guide light by means of
total internal reflection.
3.4.1 Experimental setup
Figure 3.25 shows schematically how the experiment is conducted. The beam
of a helium-neon (HeNe)-laser (𝜆 = 633 nm) is directed along the device’s
grating normal, which is parallel to the normal of the cover glass. Before
incidence, the laser output is passed through a spatial filter to filter out its
rapid spatial intensity fluctuations. The beam width is enlarged to cover more
grating periods. It passes through a polarizer of which the transmission axis is
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Fig. 3.24: Microscope images of the liquid crystal blazed grating hybrid cell, in
absence of a voltage. The sample is imaged between two crossed polarizers in
(a), (b) and (d). In (a), the sample is rotated such that the director is parallel
to the analyzer. As this causes an overly dark image, the lower left region
has been digitally enhanced to show the groove direction. In (b) and (d), the
director is at 45° with respect to both polarizer transmission axes. In (c) the
cell is imaged from the backside, with a magnification twice as large as in (a)
and (b). The same magnification is used in (d), where the cell is observed in
transmission, illuminated using red LEDs (𝜆 = 641 nm,𝛥𝜆FWHM = 18.7 nm).
parallel to the grooves of the grating, so that the electric field experiences the
change from 𝑛e to 𝑛o as the voltage over the LC is increased. The diffracted
beams hit a detection screen that is being imaged by a digital camera.
3.4.2 Diffraction patterns
Figure 3.26 shows two diffraction patterns recorded by the digital camera.
The voltages applied over the LC at which these patterns are recorded are
given in the figure. It is clear from these two images that the diffraction
order that carries the majority of power has shifted from the 48th to the
43rd order. The images can be further annotated by including the emergence
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Fig. 3.25: Schematic illustration of the measurement setup in which the
beam-deflection behaviour of a reflective grating is measured.
angles, which can be derived from the knowledge of the distance between the
detection screen and the grating reflector and the conversion factor between
pixels of the image and physical distances on the detection screen. The latter
is obtained by using a calibration paper.
The diffraction pattern is recorded for a range of voltages between 0.1V
and 10.0V using 0.1V steps. This sequence of 2D images is subsequently
processed by integrating the power in the different orders. In this way, the
two-dimensional images are reduced to a one-dimensional dataset, which is
shown in figure 3.27.
Comparison of figure 3.27 to the simulations from figure 3.18a shows
good agreement in the tunable deflection angle, although the majority of the
power at 0V in figure 3.27 is in the 48th order, not the 47th as predicted by
the simulations. Measurement of the power in the 48th order at 0V shows
15.2mW. Relative to the incident power of 86.1mW, that is 17.7%, not too
0.5V
7.8V
laser source48 47 46 45 44 43 42order:
Fig. 3.26: Recorded laser diffraction pattern of the hybrid blazed grating at
two different voltages. The location of the beam incident on the reflective
grating, relative to the reflected beam, is indicated in the figure, as well as
the order number,𝑚, of each of the diffraction orders.
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Fig. 3.27: Evolution of the diffraction pattern of the hybrid blazed grating as
a function of the voltage applied between the two electrodes. Each vertical
slice shows the diffraction pattern at a specific amplitude of an applied 1 kHz
square wave electric signal. The deflection angles are relative to the grating
normal, which is parallel to the incident laser beam. In (a) the evolution for
unpolarized reflected light is shown, whereas (b) is the result from having
another polarizer between the reflective grating and the detection screen.
far below the 22.6% predicted by the simulation for that order and shown in
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figure 3.18b. The fabricated device is slightly transparent, because the silver
electrode on the grating is not thick enough: 3% of the incident laser light is
transmitted. Further comparison between the experiment and the simulations
shows that there is a small difference in voltage at which steering starts. The
biggest discrepancy between the two figures is found in the diffraction order
that is most strongly excited at larger voltages: for the experiment, this is
the 43rd order, whereas in the simulation it is the 42nd. It is believed this is
due to small variations in the manufacturing process that lead to an error in
the estimated height of the liquid crystal region, which would influence the
electric field over the LC.
Remark that figure 3.27b shows the experimental results when another
polarizer, whose transmission axis is parallel to the first polarizer, is inserted
in the path of the reflected beams. Comparison of this figure to figure 3.27a
shows that at low voltages most of the light undergoes no polarization rotation,
but at intermediate to high voltages a larger amount of polarized light is
converted to light of the perpendicular polarization. The reason for this can be
explained with figure 3.9b: starting from intermediate voltages, the director
tilts upwards, but because of the lateral component of the director, polarization
rotation occurs. The simulation result of figure 3.18a shows the evolution of
the diffraction pattern for unpolarized light, similar to figure 3.27a. A close
inspection of figure 3.27b shows that there is a small angular difference of
0.1° in the lower diffraction orders compared to the angles of the same orders
in figure 3.27a. This is merely due to beam displacement as it passes through
the 2mm thick polarizer.
3.4.3 Application: on–off steering using
total internal reflection
Thus far, the hybrid grating has been studied when light is perpendiculary
incident on it. In this way total internal reflection is avoided. By tilting the
sample such that the angle of incidence is no longer 0°, the reflected diffraction
orders could disappear completely due to total internal reflection. Indeed,
for some angles of incidence, 𝜃i in figure 3.16, light will be totally internally
reflected after passing through the liquid cystal layer. This TIR condition is
given by
𝜃TIRi = arcsin (𝑛LC sin (arcsin (𝑛
−1
LC ) − 2𝛼)) (3.11)
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with 𝑛LC the effective refractive index experienced by light as it propagates
through the liquid crystal medium. Using the ordinary and extraordinary re-
fractive indices of E7 at a wavelength of 633nm, we find that when no voltage
is applied, light would be totally internally reflected when 𝜃i ≥ 𝜃
TIR0
i = 26.2°,
whereas if the liquid crystal would be fully switched, 𝜃i ≥ 𝜃
TIR∞
i = 31.4°.
This means that when 26.2° ≤ 𝜃i < 31.4° light is totally internally reflected
when no voltage is applied and is reflected in a similar way as discussed in
the previous section, because the effective refractive index is decreased by
applying an electric potential over the liquid crystal layer. This provides a
way in which light can experience larger angular shifts.
To test this application the cell in figure 3.25 is tilted with respect to the
incoming beam, so that the grating normal makes an angle of (26.6± 0.1)°
relative to the incoming beam. At this point, the diffraction orders with most
intensity have just disappeared from the 180° field-of-view in front of the
reflective grating. The detection screen and imaging setup of figure 3.25 are
repositioned to image the diffraction orders that propagate nearly parallel to
the grating.
In a similar way as before, we obtain a dataset from the diffraction patterns
at different voltages, which is shown in figure 3.28a. Below 1.2V, there is no
light visible on the detection screen. In this TIR state, light eventually reaches
the side edge of the grating and is there scattered at the glue boundary that
holds the two substrates together, as shown in figure 3.28b. As the voltage
increases, the effective refractive index of the LC decreases and the beam
that propagates through the liquid crystal layer is no longer totally internally
reflected: the diffraction pattern becomes pronounced again. The power in the
diffraction order that makes the second smallest angle to the device surface is
measured at 8.1% of the incident power when the device voltage is at 3.5V.
When the voltage is switched off, less than 0.1% is measured at that same
position.
This experiment shows that by illuminating the grating at the edge under
an oblique angle, light can be more than just directed to different angles: it
can also be guided along the grating interface, as illustrated in the upper image
of figure 3.28. Wave guiding is an important aspect of photonic integrated
circuits. In the configuration shown here, the light guided by total internal
reflection is eventually scattered due to the device’s edge termination.
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Fig. 3.28: Experimental results of 633nm light obliquely incident on the
reflective grating. The grating is tilted with respect to the incident beam at
an angle of (26.6± 0.1)°. (a) By increasing the voltage, light is pushed out of
the TIR-zone and steering to diffraction orders resumes. (b) Photos of the cell
taken with a camera nearly perpendicular to the device. The voltage applied
to the cell is 0V in the upper photo, 10V in the lower. The incidence spot is
where the laser hits the upper glass substrate under an oblique angle. The
first reflection is where the laser has traversed through the glass and LC layer,
is reflected off the grating, propagates through the LC layer and glass layer
again and hits the glass–air interface.
3.5 Summary
In this chapter, the combination of a blazed grating with a liquid crystal
layer has been analyzed. Formulas from geometric optics were used to
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come to elegant equations that predict the deflection angle of light as it
propagates through or reflects from this structure. Numerical simulations
have shown that these equations are good at predicting the overall deflection.
The simulations could also predict the relative power in each of the diffraction
orders. Several hybrid gratings have been fabricated, including gratings with
a larger blaze angle and gratings with rotational symmetry. In this chapter,
the results for one hybrid grating were presented and discussed. The gratings
with different geometrical parameters were not characterized as fully as this
one, as the assembly of LC cells using these gratings often introduced new
manufacturing mistakes. These could be solved given more time. Nevertheless,
the measurements on the presented grating show good agreement with the
simulations in terms of deflection angle, number of excited orders and to a
lesser degree the power distribution. Some of the deviations between the
simulations and the experiments can be attributed to manufacturing details,
which have been added to provide evidence to support the conclusions.
The fabricated device has also been used in a configuration in which
one can electronically switch between total internal reflection and partial
reflection. In this way, it could be useful for applications such as emergency
lighting where escape routes could be illuminated by means of scattering,
but in normal operation light could be directed elsewhere, for example to
illuminate an image or an object.
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4
Beam-steering with high-κ materials
In the previous chapter a beam-steering device that uses two electrodes was
studied. The propagation direction a of light beam is altered as it reflects or
refracts at the LC–grating interface. Key to its functioning is the change in
the refractive index in the LC layer when a voltage is applied and the oblique
incidence on the slanted interface of the grating. The director in that device
is fairly uniform over the entire LC domain. In contrast, a light beam will
never change direction if it propagates through a homogeneously aligned
liquid crystal that is sandwiched between two planar, parallel electrodes if the
starting medium and ending medium are the same, regardless of the electric
voltage between those two electrodes*. The beam could be offset though,
but the propagation direction will not change. The reason for this is that the
optical path length across the cell does not change. In the previous chapter,
the OPL varied across the cell due to the slanted interface. A beam can also
be diverted by devices that create a gradient in the refractive index, so-called
gradient index (GRIN) devices. For example, in liquid crystal optical phased
arrays (LCOPAs) the refractive index of the LC is changed gradually by using
a series of closely spaced electrodes that are at different voltages relative to
a common electrode [1–3]. A gradient in the index can also be generated
using only 2 addressing electrodes by connecting these with a material that is
much less conductive than the ground electrode, a technique that has already
been discussed when introducing simulations in chapter 2. GRIN lenses
using titanium oxide as the resistive layer and numerous one-dimensional
beam-steerers employing either poly(3,4-ethylenedioxythiophene) polystyrene
*There exist situations where due to total internal reflection, the transmission through this planar
device can be prevented, which is binary beam-steering: it can only send light in one of two
fixed directions.
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sulfonate (PEDOT:PSS) or metal oxides have been demonstrated [4–7]. In
this chapter another way to induce a gradient in the refractive index will be
studied. The outcome is similar to that of the beam-steering device using a
highly resistive layer, but uses a dielectric material. It has the advantages
that no current will flow, thereby reducing the generated heat which could be
disadvantageous to the liquid crystal, as well as being able to be deposited
over the electrodes, without the need for precise lithography mask alignment.
In this chapter, the effect of this material on the optical path length will
be studied and compared to the situation where that layer is missing. This
technique opens up new possibilities for multi-electrode designs and one such
possibility will be discussed in detail in the next chapter.
4.1 Revision of the
three-electrode beam-steerer
The example that was used in chapter 2 to introduce the common analysis
methods used in this thesis is a device where the electric potentials are defined
at three positions using highly conductive materials. Between two of these
three electrodes there is a bridging electrode with much lower coductivity
which acts as a potential divider. While it does allow light beams to be
steered to different angles depending on the applied voltages, it suffers from
the drawback that a non-negligible current flows through the device, so it
consumes a certain amount of power, which is released as heat and disturb
the desired mesophase if the LC is heated beyond its transition temperature.
Liquid crystal devices are capacitive by nature: LCs do not conduct and
because they are sandwiched between two closely spaced substrates, they act
as a capacitor. It is instructive to study the change in equipotential lines of
the 3-electrode device shown in figure 4.1. The electrodes (colored green)
are not connected via a resistor and are surrounded only by dielectric layers.
Each graph shows the contourlines of the electrostatic potential, 𝑉 ( ⃗𝑟), in a
stack of isotropic dielectric layers with varying thickness and permittivity of
each layer, simulated using FEM software that solves the Poisson equation for
the electric field. One addressing electrode is held at a potential of 8V, the
other electrodes are grounded. From each graph to the next, only one change
is made, which allows drawing the following conclusions:
a→ b: As the thickness of the upper dielectric decreases, the lateral
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spread in the electrostatic potential decreases;
b→ c: A decrease in the permittivity of the upper dielectric, leads to a
horizontal broadening of the contours;
c→ d: The addition of a thin dielectric layer with a permittivity higher
than those of the surrounding layers leads to a further increase
in the lateral spread of the electrostatic potential;
d→ e: As the dielectric permittivity of that additional layer increases,
so does the lateral spread of the electrostatic potential;
e→ f: The electrostatic potential is further broadened by an increase
in that layer’s thickness.
In figure 4.1f, the electric field lines in the upper dielectric layer, which
are perpendicular to the equipotential surfaces, are more stretched along
the x-axis. It is as if the electric field lines are more drawn to the region
with higher dielectric permittivity. This is the low-frequency analogon of the
well-known tendency of light to be attracted to regions with higher refractive
index, which forms the basis of optical waveguides.
The potential along the dashed line connecting the two addressing elec-
trodes has been made more linear by the addition of the dielectric layer. This
situation is reminiscent of the resistive electrode studied in chapter 2, where
the electrostatic potential between the two electrodes was linearly increasing.
By replacing the upper dielectric in figure 4.1 with a liquid crystal we may
reach an alternative type of beam-steering device that does not require a cur-
rent to flow between the two addressing electrodes and still has an improved
electrostatic field distribution. Unlike figure 4.1a, thick LC layers are usually
not desirable, because it reduces the switching speed of the LC. The addition
of a dielectric thus seems an interesting option to explore. The influence of
the various parameters shown in figure 4.1 on an LC layer that is on top of it
form the main subject of this chapter.
4.2 Lead zirconate titanate
Before studying the influence of the various parameters shown in figure 4.1, a
quick side step is made to describe the properties of lead zirconate titanate
(PZT), a material that is of special interest in this chapter and the next.
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Fig. 4.1: Simulated potential distribution in stacks of isotropic dielectrics.
The position and size of the electrodes is given by the green patches and
the dashed lines represent the interfaces between the dielectrics. Periodic
boundary conditions are applied to the sides. In each of the graphs, only a
part of the bottom substrate (with 𝜀s) is shown, the potential distribution in it
is not of interest. The simulation assumes all layers are isotropic dielectrics
with ℎ1 = 5 μm, ℎ2 = 0.84 μm (only present in (d), (e) and (f)), ℎ𝑠 = 40 μm,
𝑤 = 33 μm and 𝑒 = 16.5 μm. The permittivity of the bottom substrate is
𝜀s = 7.4, a typical value for glass. The two values used for 𝜀1 are the same as
𝜀⟂ and 𝜀∥ of the liquid crystal E7 (table 2.1).
4.2.1 Properties and uses
PZT is a ceramic material that exhibits a large piezo-electric coefficient,
electro-optic coefficient and, of special interest for the LC-based beam-steering
devices studied here, a large dielectric constant [8, section 10.3]. Materials
with a large dielectric coefficient are more commonly known in the field
of microelectronics as high-𝜅 materials and appear there frequently as the
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dielectrics in thin-film capacitors and piezo-electric actuators[9–13]. The
reason its properties are explained here is that the LCP group has recently
acquired the know-how to deposit the material on various substrates [14]
and due to its high dielectric permittivity and optical transparency of thin
micron-sized PZT layers, it is an excellent candidate for beam-steering devices
based on this technology.
The origin of the high dielectric permittivity of PZT is found with its
large permanent dipole moment, which is the result of its perovskite crystal
structure. The LCP group has developed a cost-efficient method based on
chemical solution deposition (CSD) that allows the growth of high-quality
poly-crystalline layers of PZT on different types of surfaces [14]. Figure 4.2
shows a scanning electron microscope (SEM) micrograph of a PZT layer
deposited on a silicon substrate. Each single grain has a diameter of about
80 nm and the layer has a thickness of approximately 100nm*.
A. Dielectric constant
To measure its permittivity, a cylindrical capacitor is made by growing a PZT
film of 1 μm on top of a metallic disc, measuring 3.14mm2 in area. It is capped
at the same location by another metallic patch of the same dimensions. The
small-signal capacitance, 𝐶(𝑓), is measured from which the relative dielectric
permittivity, 𝜀𝑟 is calculated, assuming the parallel plate capacitor model,
𝐶(𝑓) = 𝜀0𝜀𝑟(𝑓)
𝐴
𝑑
, (4.1)
accurately describes the capacitor. In this model 𝐴 and 𝑑 are the area of
the electrodes and the spacing between them respectively, and 𝜀0 is the
200nm
Fig. 4.2: SEM micrograph of polycrystalline PZT deposited on a silicon wafer.
*The layer is imaged at an angle of 52°, which has to be taken into account when estimating the
thickness based on the scalebar.
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permittivity of vacuum. The relative permittivity of PZT is shown in figure 4.3
for a range of frequencies and for two different plate materials: indium
tin oxide (ITO) and platinum (Pt). The measured permittivity for the ITO-
plated capacitor decreases around 10 kHz, because resistance–capacitance
(RC) effects start to play a role, due to the finite conductivity of ITO. The Pt-
plated capacitor shows a constant permittivity, as expected, for all measured
frequencies up to 2MHz, because Pt has an electrical conductivity that is
several orders of magnitude larger than that of ITO. For frequencies around
1 kHz, which are the frequencies of interest for typical nematic LCs, the
relative permittivity reaches a value of 561. This value is comparable to that
found in other studies where PZT was deposited on metal foils using sol-gel
processing and rf-sputtering [15–18]. Values above 1000 have been reported
[19, 20].
B. Transmission spectrum
For applications where light is transmitted through thin layers of PZT, the
transmission spectrum of the material is of interest. Figure 4.4 shows the
measured transmission spectrum of two PZT-coated glass substrates. The
substrates are 1.1mm thick Corning® glasses (Delta Technologies, Ltd, product
code CB-90IN-0111). Corning® glass is a type of boro-aluminosilicate glass
that is commonly used in displays. The glasses are coated on one surface with
ITO, having a thickness in the range 15nm–30nm.
Comparison of the spectra of the PZT-coated substrates to the spectrum
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Fig. 4.3: The permittivity of PZT, measured by using it as the dielectric material
in a parallel plate capacitor. Results are shown for measurements where the
capacitor plates are constructed from either platinum or ITO.
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Fig. 4.4: Measured transmission spectra of two PZT-coated substrates. The
transmission spectrum of the substrate, which also has an ITO coating, is
given as well: its transmission is low for small wavelengths, because of the
absorption of ITO in the UV. The illuminated stack of layers is thus PZT, ITO
and glass, in that order. The ringing of the spectra arises from the interference
of multiple partial reflections [21].
of the reference substrate, gives an idea of the amount of light that is being
reflected and absorbed. By taking the average over the wavelength range
460nm–700nm, a relative transmission of 76% is obtained for the substrate
coated with a 400nm thick PZT layer. Relative to the 89% average relative
transmission of the substrate, that is an increase in loss of 15% (or 13
percentage points).
4.2.2 Integration with liquid crystal cells
The process of applying a layer of PZT on top of a glass substrate to be used
in an LC application is outlined in figure 4.5. The chemical processes with
which the buffer layers and PZT are manufactured, are explained in detail
in [14]. Due to the high temperatures involved during the annealing phase
(600 ∘C and more), a type of glass should be used that can withstand such
temperatures without deformation (low thermal expansion coefficient). The
glass substrates used here are the Corning® glasses discussed earlier, which
can withstand such temperatures.
After 3 to 4 iterations of spincoating a single layer of PZT, the deposited
material needs to be annealed. As a single layer of PZT is approximately
60 nm thick, to reach a thickness of about 1 μm, the annealing process will
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reached?
Anneal the PZT
layer(s) in a tube
furnace at 650 ∘C
for 20min.
End.
Current PZT thickness
above 150nm?
Anneal the PZT layer(s) in a tube
furnace at 650 ∘C for 20min.
yes
no
yes
no
Fig. 4.5: Process flow for applying PZT to a substrate. PVP is polyvinylpyrroli-
done and improves the adhesion of LANIT, which is lanthanide nitrate and
prevents the diffusion of PZT into the coated substrate.
need to be repeated about 4 times. The deposition of PZT on substrates used
for the work presented here is handled by John PuthenParampil George.
4.3 Experimental verification
Figure 4.6 shows photos of two liquid crystal cells observed using a microscope.
Each cell is placed between crossed polarizers and is illuminated in transmis-
sion. They both feature a planar electrode that covers one substrate entirely
and have the same interdigitated electrode pattern, shown schematically in
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figure 4.6a, on the other substrate. The cells have been rubbed in a direction
perpendicular to the thin electrodes. The cell in figure 4.6c differs from that
in figure 4.6b by the presence of a PZT layer that has been added on top of
the electrode pattern, prior to coating with nylon for the alignment layer.
The larger electrode section in the upper right corner and the digitated
electrodes connected to it are at 5V, while the other digitated electrodes in
the same plane are at 0V. The homogeneous transparent electrode that is
above this plane is also at 0V (not shown). The color variations along the
rubbing direction in the midsection of the micrographs are an indication for
the variation of retardation that light experiences. In figure 4.6b the color
variations between the equal-potential electrodes are large, ranging from
yellow to green to red, which hints at a large lateral variation in the tilt of the
ITO
no ITO
(a)
A
P
rubbing
70 μm
(b)
A
P
rubbing
70 μm
(c)
Fig. 4.6: Comparison of electrically switched liquid crystal (E7) over digitated
electrodes, observed under the microscope and placed between crossed po-
larizers (transmission axis indicated). In (a), the bottom electrode pattern is
schematically illustrated (the top electrode is homogeneous). The labelled
ITO electrode is held at 5V, all other electrodes are grounded. In (b) and
(c), the LC is sandwiched between the ITO-coated top glass substrate and the
patterned bottom substrate. In (c), a 0.64 μm thick layer of PZT is present
between the LC and the patterned bottom substrate. The arrow indicates the
rubbing direction on the bottom substrate, which is anti-parallel to that of the
upper substrate (not shown).
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director. In figure 4.6c the color variations in the same region are very small,
the hue is approximately constant. This indicates that the director tilt barely
changes in the lateral direction over these small interelectrode distances. It is
as if the liquid crystal over the bottom interelectrode gap behaves as if it were
over a planar electrode.
The intensity profile between two thin electrodes that are at the same
potential in figure 4.6c is asymmetric. The reason for that is that there is
a mismatch between the alignment imposed by the electric field and the
alignment imposed by the alignment layer. This will be verified numerically
in section 4.4.2.A.
These initial experimental results are promising, because they show that a
liquid crystal does not necessarily need to be sandwiched between electrodes
everywhere in order to switch. This could lead to a reduction in the amount
of transparent conductive materials required for many LC technologies, which
simplifies the design of the electronic drivers. If the interelectrode spacing
could be made much larger than shown here, the addressing electrodes could
even be made from non-transparent materials without a noticeable decrease
in transmitted intensity.
4.4 Numerical analysis of
PZT-influence
The experimental results from figure 4.6 invite us to study the influence of
the PZT layer (or any layer with high dielectric constant) on the director in a
quantitative manner. While the Michel-Lévy chart [22, 23] could be used to
get (approximate) quantitative data on the retardation, and thus the director
tilt, we have FEA tools at our disposal, which will be used in the next sections.
4.4.1 Influence of the substrate thickness
For the FEM simulations that will be discussed in this chapter, modelling the
bottom substrate to realistic scales compared to the size of the liquid crystal
layer (200:1) would require far too much computation time. It is tempting to
reduce the thickness of the bottom substrate to the minimum of 0 μm, in order
to reduce the size of the computational domain. This seems reasonable as we
are not interested in the electric field distribution within the bottom substrate,
which is typically glass. However, in chapter 2 it was mentioned that the
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thickness of the bottom substrate of the LC cell influences the simulation
results. The reason for this is that some of the electric field lines emanating
from the addressing electrodes will extend into the glass region before ending
up at the ground electrode. The ground electrode, which covers the entire
upper substrate, does not have this problem, because it is assumed to extend
infinitely in the horizontal direction.
An upper bound on the required thickness of the bottom glass layer can
be determined by studying the absolute error of the electrostatic potential,
which is defined as:
err𝑖 ≔ ∣𝑉ℎ𝑖( ⃗𝑟) − 𝑉ℎ1000( ⃗𝑟)∣ with ⃗𝑟 ∈ 𝛺LC , (4.2)
where 𝑉ℎ1000( ⃗𝑟) is the electrostatic potential when the thickness of the glass
layer is 1000 μm, 𝑉ℎ𝑖( ⃗𝑟) is the scalar potential in the mesh with a different
thickness for the glass layer and 𝛺LC is the liquid crystal domain defined in
the FEM simulations (see section 2.2.1). Equation (4.2) should be evaluated
for every geometry to ensure the chosen thickness was sufficient to model the
physics accurately. But a lot can already be learned from the simple geometry
shown in figure 4.7. It is essentially a dual electrode device, with one
homogeneous ground on the upper substrate and one periodically repeating
addressing electrode on the lower substrate.
This geometry consists of 4 layers: from the top to the bottom these
represent the liquid crystal, the high-𝜅 dielectric, a thin buffer layer and
liquid crystal
dielectric 1
dielectric 2
glass
periodic
Neumann
𝑤LC
𝑤gap
ℎLC
ℎ𝜀1
ℎ𝜀2
ℎglass
𝑦
𝑥
Fig. 4.7: Geometry for deriving of an upper bound on ℎglass. The green patches
represent the electrodes.
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a bottom glass substrate. The reason a second dielectric layer is present,
is because the bonding process of the high-𝜅 material to the glass often
requires a buffer layer, as explained in section 4.2.2. The thickness of this
buffer layer is often negligible compared to the high-𝜅 dielectric layer, but its
relative dielectric constant is typically much lower (𝜖2,𝑟 < 20), so it is not
unreasonable to take it into account. Our interest goes out to the influence
of the first dielectric layer, so all other references to “the dielectric layer” in
the following paragraphs refer to the first dielectric layer with high dielectric
constant.
Intuitively one might expect the error of the electrostatic potential to be
largest furthest away from the addressing electrode. Figure 4.8 shows that
this is indeed the case. It is a visual representation of equation (4.2), in the
absence of a dielectric layer (ℎ𝜀1 = 0 μm). The electrodes, not technically
part of the LC domain, have been added as an overlay, with exaggerated
thickness.
Figure 4.9 shows the maximum absolute error in the LC domain as a
function of the thickness of the bottom glass substrate for both the reference
case and the case where the dielectric layer (𝜖1 = 550) is present. Note that
the x-scale is logarithmic. The graph shows that the error decreases slowly,
with increasing thickness of the glass layer. It also indicates that the absolute
error is reduced to less than 0.025V in both cases, once the glass layer is
more than about 20 μm thick. This absolute error, compared to the potential
difference between the addressing electrode and the ground (5V), is an error
of less than 0.5%. Very little benefit is to be found in increasing the glass
layer thickness beyond about 20 μm.
Care should be taken when generalizing the result of figure 4.9: the
0 30 60
𝑥(μm)
0.0
5.5
𝑦(
μm
)
0.00V 0.02V 0.04V 0.06V 0.08V 0.10V 0.12V 0.14V 0.16V
Fig. 4.8: Visualization of the absolute error defined in equation (4.2), when
the thickness of the glass layer is 10 μm and the potential difference is 5V.
Dielectric layers are not present.
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Fig. 4.9: The maximum of the absolute error in the potential distribution in
the LC domain as a function of the thickness of the bottom substrate. For
these results, the LC layer is 5.5 μm thick, the dielectric 0.84 μm thick and has
a permittivity of 𝜖1 = 550, while the interelectrode spacing is 60 μm.
director profile of a 5.5 μm thick layer of liquid crystal is simulated using
an electrode spacing of 𝑤gap = 60 μm, the largest gap size that is taken into
consideration. When these geometric parameters change, the absolute error
will be different. Changes in the physical constants of the problem will have
similar effects. For the upcoming simulations, a general guideline derived
from the previous observation is followed stating that the glass layer thickness
should be about the size of the interelectrode spacing to reduce the error
sufficiently.
4.4.2 Influence on the average refractive
index
Many electro-optic applications involving liquid crystals only consider two
states: a voltage-ON state, where the liquid crystal is fully switched, and
a voltage-OFF state, where the liquid crystal is in its initial state, which is
largely determined by the boundary conditions imposed by the alignment
layers, such as anchoring strength and pretilt. In both cases the physics can
usually be simplified by considering the average refractive index experienced
by light propagating through the LC layer, which is proportional to the optical
path length:
⟨𝑛⟩ =
1
𝑑
∫
𝑑
0
𝑛eff(𝑦)𝑑𝑦 , (4.3)
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where 𝑑 is the thickness of the LC layer and 𝑛eff(𝑦) is the effective refractive
index at a height of 𝑦 within the layer, and is defined by equation (3.7). The
tilt of the director, 𝜃 in that definition, is here the angle between the director
and its projection on the xz-plane, which is perpendicular to the propagation
direction of light along the y-axis..
A. Influence of the Permittivity
Shown in figure 4.10 are the simulated director profiles of the LC cell geometry
shown in figure 4.7, for two cases: in figure 4.10a the dielectric layer has
a relative permittivity of 𝜖𝑟 = 20, in figure 4.10b 𝜖𝑟 = 550. A pretilt of
2° (counterclockwise from the x-axis) was imposed, with strong anchoring
(polar and azimuthal anchoring set to 𝑊𝜃 = 𝑊𝜙 = 1× 10
−3 Jm−2). In
both cases, an electric potential difference of 3V was applied between the
ground and the addressing electrodes. This potential is sufficient to switch the
liquid crystal in the region between the ground and the addressing electrodes
from its planar alignment to a direction almost perfectly perpendicular to
the ground; the director tilt is close to 90°. As the distance to the addressing
electrodes increases, the director tilt decreases. This change occurs faster
when the permittivity of the dielectric layer over the addressing electrodes is
lower (figure 4.10a). One region in figure 4.10a stands out: at the left and
right sides of the addressing electrode, the director is tilted in opposite ways
due to the inhomogeneity of the electric field near the electrode. At the left
edge of the electrode this clockwise reorientation opposes the pretilt imposed
by the alignment layer (𝜃|
𝑧=0,𝑑
= 2°) and a bend wall is formed, which is a
type of elastic deformation where the director bends around a common point
and introduces two regions in the LC with opposing director orientations [24].
The bend wall is one of several types of domain walls, that are also known
as Brochard–Leger walls, and transform to disclinations at higher voltages
[24–26]. A similar profile is observed in absence of the dielectric layer and
the transformation of the domain wall into a disclination line is shown in the
supplementary video accompanying my article on the combination of PZT
and LCs [27]. Figure 4.10b indicates that a value of 550 for the permittivity
of the dielectric layer prevents the formation of such a domain wall and the
director profile assumes a counterclockwise tilt over the entire domain.
The average refractive index, equation (4.3), can be computed numerically
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Fig. 4.10: The director profile of the liquid crystal domain when a potential
difference of 3V is applied between the addressing electrode and the ground.
The electrodes are shown in green. In (a) the permittivity of the dielectric
layer over the addressing electrodes is 𝜖𝑟 = 20. In (b) 𝜖𝑟 = 550. A domain
wall can be seen to the left of the electrode on the right in (a).
from these simulation results in a similar way as the Jones phase profile was
calculated in section 2.2.2.A. It is shown in figure 4.11, as a function of the
position over the dielectric layer, for different values of the dielectric constant
of the dielectric layer 𝜖1, when the applied potential is 3V.
We begin the discussion of figure 4.11 by noting that the average refractive
0 30 60
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Fig. 4.11: The average refractive index for monochromatic light (𝜆 = 633 nm)
linearly polarized along the rubbing direction and travelling parallel to the
interface normal of the cell shown in figure 4.7. The simulations assume the
thickness of the dielectric layer is 0.84 μm and the addressing electrodes are
held at 3V.
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index sensed over the addressing electrode (i.e. 𝑥 < 0 μm or 𝑥 > 60 μm) is
largely independent of the dielectric constant of the dielectric layer, and always
close to a value of 1.56, which is to be expected: as shown in figure 4.10, the
director above the addressing electrode will be mostly 90° tilted, such that light
experiences mostly 𝑛o. As the distance to the electrode to the left increases,
⟨𝑛⟩ increases and levels off at a value of 1.73, which is the extraordinary
refractive index of E7 at the simulated wavelength of 633nm. This indicates
that the liquid crystal has not switched at the position where ⟨𝑛⟩ ≈ 𝑛e. The
position where ⟨𝑛⟩ levels off is moved further away from the electrode as the
permittivity of the dielectric layer increases. For 𝜖𝑟 = 550 there is no levelling.
Close to the left edge of the electrode, an oscillation in ⟨𝑛⟩ can be observed.
The explanation for this is found in the earlier analysis of the director profiles:
in the domain wall of figure 4.10a, the director tilt varies rapidly between two
angles with opposite sign and passes 0° in between. Where it is 0°, linearly
polarized light will experience the extraordinary refractive index of the liquid
crystal.
From these simulations, we can conclude that:
• starting from a certain value for the permittivity of the dielectric layer,
the occurence of domain walls can be prevented,
• with a 0.84 μm thick dielectric layer with permittivity 𝜀𝑟 = 550 coated
over the electrodes, the director is tilted everywhere in the cell, even in
the middle, although the tilt is not homogeneous in a cell with 60 μm
interelectrode distance.
B. Influence of the Electrode Spacing
The interelectrode spacing will also influence the average refractive index. As
the interelectrode spacing decreases, the optical path length becomes more
easily controllable. Once a specific spacing is fixed, it could be possible to still
get reasonable control over the optical path length, by tuning the permittivity
of the dielectric layer (as shown in the previous section) or by tuning the
thickness of the dielectric layer.
Figure 4.12 shows the average refractive index experienced by monochro-
matic light (𝜆 = 633 nm) travelling along the interface normal of figure 4.7,
when the potential difference between the ground and the addressing electrode
is 2V, for a range of interelectrode spacings. To allow easy comparison, the
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distance between the addressing electrodes has been normalized, because the
geometry width (𝑤LC in figure 4.7) changes with the interelectrode spacing.
Here too, the refractive index experienced just above the addressing
electrodes is nearly independent of the interelectrode spacing and for the
same reason explained earlier. Note that ⟨𝑛⟩ over the electrodes (located
around 𝑥 = 0 and 𝑥 = 1) is a bit larger than in figure 4.11, because only
2V is applied, so the electric field is weaker, which results in a smaller tilt
compared to the situation shown in figure 4.10. A nearly constant index
profile is obtained when the interelectrode spacing is 12 μm with 𝜖𝑟 = 550.
At this point the ratio of the width of the electrodes to the interelectrode gap
is reduced to 50%, so the intensity reduction in transmission would be large if
the addressing electrodes were made in a non-transparent conductive material.
To solve this, the 6 μm broad electrodes could be made less wide.
4.5 Use as a one-dimensional
beam-steerer
Now that the influence of high-𝜅 dielectrics has been studied numerically, a
proof of concept beam-steering device is fabricated and tested.
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Fig. 4.12: The average refractive index for monochromatic light ( 𝜆 = 633 nm)
travelling parallel to the interface normal of the cell shown in figure 4.7. The
linearizing effect of the dielectric layer (𝜖𝑟 = 550, ℎ𝜖1 = 0.84 μm) is limited
by the interelectrode spacing.
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4.5.1 Device geometry
The device features an asymmetric interdigitated electrode pattern, like the
ones shown in figure 2.10b, using platinum as the conductor. The largest
interelectrode spacing is 52 μm and the smallest 6 μm. The width of each
addressing electrode is also 6 μm. On top of this electrode pattern a 0.8 μm
thick layer of PZT is deposited. Nylon is subsequently spincoated over this
surface as well as over an ITO-coated glass substrate and afterwards rubbed.
Both substrates are glued together to create the LC cell cavity that is then filled
with the nematic LC mixture E7 by means of capillary forces, as described
in chapter 2. Figure 4.13 shows micrographs of this cell, observed between
crossed polarizers.
A variation on this device is made for comparison: it does not feature
the PZT layer. Both devices use 10 μm spacers to separate the substrates,
but post-assembly measurement indicates that the gap for the PZT-enhanced
device is 23.4 μm and for the reference device it is 13.6 μm. This measurement
uses the interference fringes that arise from multiple partial reflections at the
cell cavity’s interfaces when the cell is illuminated with quasi-monochromatic
incoherent light [21]. Because the LC layer is about 4 times as thick as the LC
layer used in the simulations of section 4.4, the linearization of the electric
A
P
rubbing100 μm
(a)
A
P
rubbing100 μm
(b)
Fig. 4.13: Micrographs of a liquid crystal cell with an asymmetric opaque
interdigitated electrode pattern at the bottom substrate and a homogeneous
transparent electrode at the top, imaged between crossed polarizers. The
bottom substrate is coated with a PZT layer of 0.8 μm. The arrow indicates
the rubbing direction along the bottom substrate, used to achieve anti-parallel
alignment in the cell. In (a), all electrodes are grounded. In (b), one set of
digitated electrodes is at 5V relative to the homogeneous ground and the
other digitated electrodes.
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potential between the addressing electrodes is expected to be better, as was
shown in figure 4.1.
4.5.2 Simulation results
The director profile for the PZT-enhanced device is simulated for a range of
voltages. The results are shown in figure 4.14. The figure shows that the
director tilt increases gradually over the entire LC layer, even at a considerable
distance from the lower right addressing electrode.
The phase profile of a monochromatic (𝜆 = 633 nm) plane wave incident
on the device along the y-axis and linearly polarized along the x-direction is
calculated, as it emerges, using the Jones formalism. This is done for each of
the applied voltages shown in figure 4.14. The result from these calculations
is shown in figure 4.15.
The figure shows that, in the region between the two addressing electrodes,
the slope of the phase of the wave initially increases, but starts to level off
again at higher voltages.
4.5.3 Measurement results
A measurement setup almost identical to the one shown in figure 3.25 is
used to capture the diffraction profile at different voltages. The setup is
changed to work in transmission. Figure 4.16 shows the diffraction profiles of
a HeNe-laser when one of the addressing electrodes is grounded and the other
electrode is held at a potential that is labelled in the figure. The graphs show
that above 3.5V the diffraction pattern of the reference device hardly changes.
Between 0.0V and 3.5V, the brightest diffraction order has shifted by one,
𝑚 = 0 → 1. In comparison, the beam-steering abilities of the PZT-enhanced
cell are better, as shown in figure 4.17: it shows the diffraction patterns of the
PZT-enhanced cell in the same measurement setup that was used to generate
figure 4.16.
The deflection of the laser beam reaches a turning point at approximately
3.5V, where the most intense order is number 𝑚 = 9, which propagates at
an angle of 4.7°. The reduction in the beam-steering angle at voltages higher
than 3.5V for the PZT-enhanced cell could be explained using figure 4.15. In
that figure a decrease in the slope of the phase of the wave is visible after the
addressing electrode reaches 3.5V.
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Fig. 4.14: Director profiles for a beam-steering device with a 0.8 μm thick PZT
layer (shown in grey) coated over the lower addressing electrodes (shown
in green). In each graph the electric potential of the lower right electrode
is adjusted. The tilt of the director is indicated as well with the background
color.
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Fig. 4.15: Simulated phase profiles of a wave emerging from the PZT-enhanced
beam-steerer. The phase profiles have been offset vertically for clarity. The
green patches mark the locations of the addressing electrodes, one of which
has the potential indicated near the phase profiles.
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Fig. 4.16: Measured evolution of the diffraction pattern of the reference
beam-steerer. The red frame indicates a single diffraction pattern. Adapted
from [28], with permission.
4.6 Summary
In this chapter, it was shown that a dielectric layer with high permittivity can
be used to create a more linear gradient in the electrostatic potential between
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Fig. 4.17: Measured evolution of the diffraction pattern of the PZT-enhanced
beam-steerer. The red frame indicates a single diffraction pattern. Adapted
from [28], with permission.
two addressing electrodes, similar to the effect of connecting them with an
electrically conductive material with high resistivity. The capacitive bridge
extends the electric field laterally from the electrodes and can thus be used
to switch a liquid crystal farther away from the usual influence field of the
electrodes. The dielectric layer thickness is an important design parameter,
given the interelectrode spacing. Using FEM simulations it was also shown
that a 0.84 μm thick dielectric layer with 𝜖𝑟 = 550, a value that can be
reached by certain ferroelectric materials such as PZT, can be used to prevent
the appearance of domain walls in certain liquid crystal devices. Finally, it
was experimentally verified that in a liquid crystal cell featuring asymmetric
interdigitated electrodes, the angular beam-steering range and quality of the
diffraction patterns is improved considerably when the patterned substrate is
coated with a 0.8 μm thick PZT layer.
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5
Beam-focusing with high-κ materials
In the previous chapter the effects of adding a dielectric material with high
relative permittivity on top of the addressing electrode layer in a beam-steering
device were studied and the advantages of this technique highlighted. The
beam-steering took place in a single plane, which makes simulating the director
profile and visualising it a lot easier. Beam-steering in two dimensions can
be easily achieved by placing two one-dimensional beam-steering devices in
series, in such a way that the planes in which they steer are not parallel. It
can also be achieved with a two-dimensional patterned electrode geometry.
In this chapter a beam-focusing device, similar to a lens, is fabricated
and studied. The focal point of this liquid-crystal-based lens can be adjusted
electronically, by tuning the voltages applied over a series of conductive
and concentric arcs. Its lateral dimensions are comparable to those found in
modern day camera modules for smartphones, but it is thinner and allows
adjustment of the focal length, similar to real optical zoom lenses, which are
far more voluminous. While tunable focal length liquid crystal lenses are
nothing new (the first published work dates back to 1979 [1]), this particular
design uses the high-𝜅 material discussed in the previous chapter to smoothen
the phase profile between the arc electrodes, thereby improving the focusing
efficiency. Because the device is based on an optically-transparent, thin and
non-conductive layer, it is of interest in the current socio-economic trend
towards more energy efficient devices.
5.1 Lensing operation
So how does one go from one-dimensional steering to a two-dimensional
lensing action? The way this is realized is by applying one modification to the
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previous steering mechanisms: whereas in previous chapters the optical path
length (OPL) changed linearly within each unit of a periodically repeating
pattern, the OPL for a lens needs to change in a parabolic fashion. This ensures
that the phase of an incident plane wave is parabolically varying across
the plane where it emerges from the device, which is the same behaviour
as that of a lens made of e.g. glass. An ordinary lens changes an incident
planar wavefront to one that is parabolically varying by the curvature of its
interfaces and the difference between its constant refractive index and that of
the surrounding medium. It is possible to achieve the same effect then with a
planar device that has a gradient in its refractive index, a GRIN lens.
Spatial light modulators (SLMs) are a class of devices in which a rectangular
grid of closely spaced pixel electrodes allows an incident wave front to be
reshaped: each electrode is capable of switching the liquid crystal layer on top
of it*, thereby changing the retardation the wavefront experiences over that
electrode or pixel. Modern SLMs feature a grid of 1000 × 1000 pixels or more.
If in such a grid all pixels that are at the same distance from a reference pixel
are held at the same electric potential, the square grid is divided into a series
of concentric circle-like electrodes. The close spacing between the electrodes
allows a very accurate form of phase control, which means that an SLM could
be used to realize the lensing functionality. For consumer applications, the
high degree of freedom available with an SLM is an inefficient use of resources.
Application specific integrated circuits (ASICs) are more cost-effective. For
LC-based lensing, a series of concentric electrodes is at the heart of the ASIC,
with more electrodes allowing a better control over the phase front. A large
amount of electrodes comes at the cost of complexity. When a limited number
of circular electrodes is used, the total active area would be quite small though,
unless the interelectrode spacing is increased. A too large spacing will degrade
the performance rapidly, because the electric field is usually localised to the
electrodes, as we have seen in figure 4.1. In that same figure, it was also
shown that a layer of a high-𝜅 material covering the electrodes could alleviate
this problem and that is where PZT comes in.
Because of the non-linear response of nematic LCs to an applied voltage,
the choice of the voltages that need to be applied to the limited number of
electrodes is not straightforward: a sampling of a parabolic voltage profile
*There are SLMs that do not rely on liquid crystals, instead using deformable mirrors. The
principle of operation is similar for both classes of SLMs.
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does not automatically lead to a parabolic refractive index profile. The initial
choice of voltages can be obtained by using a reverse index lookup: given
the desired refractive index over an electrode, determine the voltage that is
needed to obtain that index. This process is illustrated in figure 5.1. The
desired index profile of two lens designs is shown in the graph to the left.
The strong curvature parabola represents the index profile of a lens that has
a shorter focal length than the other parabola. The profiles are sampled at
eight equidistant points, that correspond to the different radii of the circular
electrodes. At these locations, the desired average refractive index, defined
in equation (4.3), can then be mapped to the required voltages by using the
graph to the right. This graph shows the average refractive index versus the
voltage in a parallel-electrode configuration, which is a well-known graph
that can be easily calculated upfront given the LC material properties and
the alignment layer properties. Noticeable in figure 5.1 to the right, are
two well-known features of nematic LCs in a vertical field switching (VFS)
configuration: the curve shows the presence of a threshold at low voltages,
the Fréedericksz transition threshold below which the index is approximately
equal to 𝑛e, and ⟨𝑛⟩ approaches 𝑛o as the voltage is increased.
The focal length, 𝑓, of a GRIN LC lens is given by [2, chapter 6.4]:
𝑓 ≈
𝑅2
2𝛥𝑛𝑑
, (5.1)
where 𝑑 is the LC layer thickness and𝛥𝑛 is the difference between the average
refractive index at the center of the lens and that index at the edge of the lens,
a distance 𝑅 away from the center. Using this equation, we can estimate that
the smallest focal length achievable with a 55.7 μm diameter lens made using
the liquid crystal E7 and having an LC layer thickness of 5.5 μm is 3.34 cm.
That number is an absolute lower bound, because an average refractive index
equal to 𝑛o is not achievable in practice, as figure 5.1 hints at.
5.2 The liquid crystal lens: a
macroscopic view
The proposed liquid crystal lens design is shown schematically in figure 5.2.
The masks used for the fabrication of the addressing electrodes are shown
in figure 2.10c: the addressing electrodes are not perfect concentric circles,
but concentric arcs, because a wedge-like area is reserved for contacting
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Fig. 5.1: Determining the voltages required for a parabolic index profile
in a multi-electrode LC cell happens through a reverse index lookup: at a
certain distance from the center of the lens the desired index profile is sampled
(left graph). This index value is then mapped onto its corresponding voltage
through the curve that displays the electro-optic effect of the liquid crystal in
a planar parallel-electrode cell (right graph).
the inner electrodes. This could be avoided by using at least two planes for
the addressing electrodes: one plane that holds full concentric circles, and
another where the feed lines are in. A conductive path between the electrodes
in these two planes can then be made using vias. Such processing is more
involved than the simple single-plane electrodes that are proposed here and
the presence of the wedge should not have too big of an impact, as long as
the interelectrode spacing is large. The figure shows that a polyimide (PI)
alignment layer is proposed, which needs to be rubbed. Photoalignment
would be a useful alternative. Because the design is quasi-centrosymmetric,
the rubbing direction is only of importance to determine the orientation of
the polarization axis for light that is incident on the lens. Note that while
the ground electrode (upper ITO layer) needs to be made of a transparent
conductive material, the addressing electrodes don’t necessarily have to: due
to the spacing between the addressing electrodes and the optical transparency
of the PZT layer, a large amount of light can still be transmitted.
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Fig. 5.2: Cutaway diagram of the proposed multi-electrode LC lens. Layer
thicknesses are not to scale.
Using the electrode mask of figure 2.10c, several of these LC lenses have
been fabricated in a cleanroom environment, including reference devices that
lack the PZT layer, which allows comparing the performance between the
reference devices and the PZT-enhanced devices. Examples of some of the
fabricated electrode patterns are shown in figure 5.3. The electrodes are made
of a non-transparent conductive material using the image reversal technique
described in section 2.3.3. These photographs also illustrate that the size of
the wedge can be made fairly small relative to the overall size of the lens. A
photograph of the fully assembled and externally contacted devices is shown
in figure 5.4.
Figure 5.4 shows that the device has a slightly reddish color. The trans-
mission spectrum of the fully assembled device, measured at a location free
from the opaque conductors, is shown in figure 5.5. It illustrates that there is
a slightly higher transmission at a few wavelengths, one of which is associated
with red colors (615nm). The transmission fluctuations can be attributed to
the thickness of the PZT layer, as explained in section 4.2.1.B. The relative
transmission of the device lies between 63% and 83% in the wavelength
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Fig. 5.3: Electrode patterns after lift-off. Various interelectrode spacings have
been used, the ones shown here are 𝛥𝑟 = 20 μm (a) and 𝛥𝑟 = 120 μm (b).
Note the defects in these patterns: some electrode patches are “floating” (not
connected to the outer addressing lines), which is a problem that got solved
after changing the processing parameters, as described in section 2.3.3.
Fig. 5.4: Photo of an assembled LC lens design. The university logo, printed
on a piece of paper, is visible through the stack, which illustrates the optical
transparency of the PZT layer. The rubbing direction on the upper substrate
is indicated with an arrow.
region that is not influenced by the absorption of ITO in the UV region.
5.3 Microscope metrology
Insight into the device’s actual performance is given by studying the device
using polarized light microscopy. Two studies are presented: a comparison of
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Fig. 5.5: Measured transmission spectrum of the assembled lens device, which
uses two Corning® glasses as substrates. The transmission spectrum of an
ITO-coated substrate is shown in figure 4.4. The transmission is expressed
relative to the spectrum of the used light source.
the retardation profiles of the reference and PZT-enhanced device and a study
of the wavefront shape when a specific set of voltages is applied to the lens
device.
5.3.1 Comparison of retardation profiles
Figures 5.6a and 5.6b show micrographs of the reference lens and PZT-
enhanced lens respectively, where both feature a 60 μm interelectrode distance.
Each device is held between crossed polarizers, the transmission axes of which
are indicated by the symbol in the top-left corner, and rotated such that the
alignment axis (indicated by the rubbing arrow) is at an angle of approximately
45° with respect to either polarizer axis. The LC cells are illuminated by the
light from a series of green LEDs (𝜆𝑐 = 520 nm, 𝛥𝜆FWHM = 34 nm), which
due to their quasi-monochromatic nature simplify the following image analysis.
Light is transmitted through the cell, except at the addressing electrodes due
to their opacity, which allows us to easily distinguish their locations. All
addressing electrodes are held at the same electric potential relative to the
ground, which is 2.0V in both pictures. The bottom right corner of figure 5.6b
shows the same area of the PZT-enhanced device using the same imaging
conditions, such as exposure time and gain, but with the electrodes at 0.1V.
In the picture of the reference device, one can clearly see a large intensity
variation close to the electrode edges. This is due to the reorientation of
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Fig. 5.6: Micrographs of a reference device (left) and a device with electrodes
covered by a 0.84 μm thick PZT layer (right). The devices are illuminated from
the backside, placed between crossed polarizers and observed using a 20X
microscope objective. The electrodes (black lines) are 6 μm wide and spaced
60 μm apart; a 1 kHz square wave is connected to the electrodes forming a
potential difference of 2.0V between the circular electrodes and the common
electrode. The bottom right corner of the PZT-enhanced device shows the
situation for the same lens when the amplitude is 0.1V.
the liquid crystal director that aligns along the electric field lines. This
reorientation leads to a change in the polarization of transmitted light, which
results in a change in the amount of light that passes through the analyzer.
In the PZT-enhanced device the region where the director reorients is much
wider, indicating that the PZT layer has spread the electric potential further
away from the electrodes, as expected from the previous chapter. How far
it spreads the electric field can be estimated from the intensity variations
halfway between two neighboring electrodes: for the reference device no
intensity variation is discernible there, but the PZT-enhanced lens shows a
small decrease in intensity, which is apparent from the small overlay in the
lower right corner. The addition of the PZT layer increases the voltage drop
over the LC halfway between two neighboring electrodes, making it larger
than the threshold voltage of a parallel planar electrode LC cell with the same
LC layer thickness, so that the liquid crystal starts to reorient locally.
Interesting to note is that in the reference device domain walls are apparent.
The reason for their appearance is the presence of strong in-plane fringe fields
which tilt the LC in a direction opposite to the one imposed by the pretilt
[3]. The appearance of a domain wall has been simulated as well in the
previous chapter, where figure 4.10 shows the simulated director profiles
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along the slices indicated in figures 5.6a and 5.6b. The domain walls collapse
into disclination lines at higher voltages (∼7.8V, see Visualization 1 of [4]).
No domain walls are visible in the PZT-enhanced device though, as with the
simulations, which demonstrates the ability to reduce fringe fields in the
liquid crystal layer near electrodes.
The orientation of the director in this three-dimensional device is complex.
Insight is provided using figure 5.7, in which the same devices are now imaged
with the rubbing direction parallel to one of the polarizers. Where the director
is perfectly aligned with the transmission axis of either of the polarizers, the
image should be perfectly dark. This is the case for the large black areas
between the electrodes. Close to the electrodes a distinction needs to be made
between two regions. A conic section labelled with a boldfaced letter “A” is
marked in each of the micrographs. Here, the intensity of the transmitted
light close to the electrodes is smaller than elsewhere in the figure, which
indicates the director is better aligned with the polarizer’s transmission axis.
The radially directed electric field lines are here to a good degree parallel to
the alignment direction imposed by the rubbing. This is less pronounced for
the PZT-enhanced lens device and it is believed this is due to the smoothing
effect of the PZT layer, which acts more like a blur filter. In the region labelled
with a boldfaced letter “B”, there is a large mismatch between the radial field
lines and the rubbing direction. This leads to a twist of the director that is
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Fig. 5.7: Micrographs of the same devices from figure 5.6, but with the rubbing
axis aligned with one of the polarizers’ transmission axis. To the left is again
the reference device, to the right the PZT-enhanced device. The potential
difference between the concentric addressing electrodes and the homogeneous
ground is 4.0V. Compared to figure 5.6, a larger part of the images is shown,
to allow easier observation of the patterns.
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more pronounced close to the electrode.
A study of the transmitted light intensity as a function of the applied
voltage of the devices is instructive to understand the retardation, which is
related to the orientation of the director. To this end, the radial intensity
profile for the devices that feature an interelectrode distance of 60 μm is
extracted along the slices indicated in figures 5.6a and 5.6b. This procedure is
repeated for a range of voltages, going from 0V to 10V in steps of 0.1V, that
are applied between the addressing electrodes and the homogeneous ground.
These radial intensity slices are shown in figure 5.8. The slices are taken along
the rubbing direction between two neighboring addressing electrodes.
This sweep of the electric potential shows that the voltage for which
switching starts to occur near the electrodes is hardly affected by the thin layer
of PZT, but that the electrode voltage required to tilt the director halfway
between the electrodes is much lower compared to the reference device. It
also shows that at 4V, the voltage at which the micrographs in figure 5.7 are
taken, the retardation has changed halfway between the addressing electrodes.
Combining this piece of information with the darkness between two electrodes
shown in figure 5.7b, indicates that the director there is tilted and that there
is little to no in-plane twist.
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Fig. 5.8: The intensity profile along the slices indicated in figure 5.6, shown
when different voltages are applied between the homogeneous ground and
the addressing electrodes. The intensity variations are related to the orienta-
tion of the director. When PZT is applied over the electrodes, even halfway
between two electrodes the director is affected by the potentials applied to
the addressing electrodes, which are shown as the black stripes at the sides in
the left and right graphs.
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The imageset shown in figure 5.8 also indicates that a PZT layer thickness
of 0.84 μm over electrodes that are spaced 60 μm apart, is insufficient to
induce a quasi-homogeneous director tilt in a 5.5 μm thick LC layer. The
ability of the PZT layer to “smear” the electric field laterally between two
electrodes to obtain a quasi-homogeneous electric field distribution over the
LC layer is therefor limited, a limitation that was already discussed in the
previous chapter, together with ways to counter it.
5.3.2 Phase interferometry
To measure the phase of the wavefront as it emerges from the lens, the lens is
inserted in the sample arm of the Mach–Zehnder interferometer that is part
of a microscope system of the Brussels Photonics Team (B-Phot) of the Vrije
Universiteit Brussel. From such a phase measurement, the focal length can
be determined. The setup also allows to determine the wave aberrations of
lenses.
The set of voltages labelled as “strong” in figure 5.9 is applied to the
addressing electrodes. This particular set of voltages was determined in an ear-
lier stage to result in an intensely focussed spot at a distance of approximately
4.4 cm away from the lens. The results from the interferometric phase mea-
surements using this voltage profile are shown in figure 5.10. In figure 5.10a,
the wrapped and normalized phase is shown, which is the direct result of
applying inverse geonometric functions to the formula that describes the
interference of two waves of the same frequency but with a phase difference
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Fig. 5.9: Graphical depiction of a set of voltages that lead to intense spots a
distance 4.4 cm away from the lens (the “strong” profile) and a distance 7.4 cm
away from the lens (the “weak” profile). The weak profile is quasi-linear,
because the linear regime of the electro-optic behaviour of E7 is used (see
figure 5.1, to the right), whereas the stronger profile is more non-linear as it
covers a larger interval of the obtainable average refractive index.
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of 𝜙 [5, chapter 2]:
𝐼 = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos𝜙, (5.2)
in which 𝐼1 and 𝐼2 are the intensities of the waves in the different arms
of the Mach–Zehnder interferometer. The software associated with the
Mach–Zehnder microscope setup (PSI 5.3 (16)) solves the problem of the
limited range of the arccos function (which is between 0 and 𝜋), by adding a
series of retardation plates with known retardation in the path of one of the
Mach–Zehnder arms, which is how it can visualize the phase for an entire 2𝜋
modulation. The two-dimensional graph of figure 5.10a shows that between
two electrodes the phase varies continuously, because the optical path length
varies continuously, but the locations of the electrodes are easily distinguished
due to non-continuous jumps in the phase profile. This is likely the result
of the opacity of the electrodes. In figure 5.10b, the unwrapped phase is
shown. The process of unwrapping the phase continuously in two dimensions
apparently leads to some non-sensical data, which is masked red in these
graphs. It is clear that the pixels where the phase is not clearly defined are
more often located at the positions of the electrodes.
The unwrapped phase profile of figure 5.10b, can be decomposed into
a set of Zernike polynomials, which are orthogonal polynomials that are
defined on the unit disk and are commonly used in adaptive optics and
optical manufacturing where circular pupils are used, as they relate to optical
aberrations in such systems [6, 7]. The sum of the Zernike polynomials
into which the phase profile has been decomposed then approximates the
measured wave front as close as possible, the approximation improving as
more terms are added. The lower order Zernike polynomials describe the
more common optical aberrations, the “defocus” being the most important
to describe a parabolic wave front profile. The coefficient belonging to this
polynomial, 𝑍02 (𝑟, 𝜙), can be used to derive the focal length of a parabolically
curved phase profile [8]. Figure 5.11 shows the wave front reconstructed
from figure 5.10b using the Zernike polynomials. It should be noted that
repeated measurements of this phase profile did not result in reproducible
results. Over several measurements the masked pixels change, though they
are still often found close to the electrodes. The new pixel mask affects the
results of the decomposing algorithm, which sometimes reported positive
values for the defocus, sometimes negative values. We therefor decided not
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Fig. 5.10: Measured phase of a laser beam (𝜆 = 633 nm) passing through
a PZT-enhanced lens with 30 μm interelectrode distance. (a) Reconstruc-
tion of the wrapped phase from the observed interference pattern. (b) Two-
dimensional unwrapping of the phase. A circular aperture is applied over the
micrographs, red pixels denote areas where the phase is either not measured
or undefined.
to rely on the calculated values, but have included the measured phase front
(figure 5.10) and one linear combination of Zernike polynomials (figure 5.11)
for clarity. An alternative technique to quantize the performance of these
lens-like devices will be discussed next.
5.4 Direct measurement of the
focal length
If the liquid crystal device functions as a lens, the focal length can be derived
from measuring the distance between the lens and a focussed spot when the
lens is illuminated by a collimated beam. An experimental setup is built to
do exactly that. In this experiment a collimated laser beam (𝜆 = 633 nm)
is passed through a spatial filter and expanded so that the beam waist is
an order of magnitude larger than the lens diameter, thereby ensuring the
beam intensity over the lens is approximately constant so that any observed
intensity deviations must be due to the device operation. The laser light is
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Fig. 5.11: Reconstructed wave front exiting from the PZT-enhanced lens, using
the 15 lowest order Zernike polynomials.
also polarized along the rubbing direction prior to incidence on the lens and
passes through another polarizer, of which the transmission axis is parallel to
the former, prior to impinging on the camera sensor.
Figure 5.12a shows a micrograph of a lens featuring 6 μm wide platinum
electrodes and 30 μm interelectrode distance. All electrodes are grounded, so
the LC director is aligned in-plane and along the rubbing direction, which is
perpendicular to the array of closely spaced addressing electrodes that lead
to the lens. In figure 5.12b the focal plane of the camera is 4.4 cm away
from the lens, by moving the camera along the optical axis. With still no
voltages applied, the camera sensor captures the background illumination
from the laser. A small dark spot is observed at the center as well as a darker
rectangular area where the feed lines are. These are believed to be caused
by the diffraction at the opaque electrodes. The series of voltages labelled
as “strong” in figure 5.9 is now applied to the electrodes and the micrograph
changes to figure 5.12c. In it, an intense bright spot is observed, which is
surrounded by a region that is much darker and about the same size as the
lens shown in figure 5.12a. Moving the camera another 3 cm along the optical
path and grounding the electrodes again, the image shown in figure 5.12d
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is observed. Applying the “weak” set of voltages shown in figure 5.9 to the
addressing electrodes now changes the view of this focal plane to figure 5.12e.
Once again an intense bright region is shown surrounded by a darker area.
The size of the spot is larger than the one in figure 5.12c, which is to be
expected when a lens with larger focal length, but same aperture, is used.
These pictures indicate that most of the light is redirected to the focal spot,
which means that there is indeed a fairly smooth director variation between the
addressing electrodes that are spaced 30 μm apart here. This gradual variation
is made possible by the presence of the PZT layer. Some of the aberrations
visible in figures 5.12b to 5.12e are due to the use of non-transparent metallic
electrodes. This might be overcome by using a transparent conductor such as
ITO or reduced by making the electrodes less wide than the current 6 μm.
A quantitative description of the intensity profile of figure 5.12c is obtained
by radially integrating the pixel intensity values, using the center of mass as
the origin for the radial integration method. This radial intensity profile is
visualized in figure 5.13 and shows that the central spot is about 21 times
more intense than its surroundings and almost 5 times more intense than the
background illumination.
The spot profile shown in figure 5.13 can now be compared to that
of a similar-sized and diffraction-limited lens. An ideal lens will focus a
laser beam down to a spot known as the Airy disc, which together with the
lower-intensity concentric rings around it form the Airy pattern. The full
width at half maximum (FWHM) of this diffraction limited spot is given by
𝐷FWHM = 1.02𝜆𝑓/𝑑 with 𝑓 the focal length of the lens and 𝑑 the diameter
of the focusing lens or its aperture stop in case one is present. For an ideal
lens with a focal length of 𝑓 = 4.4 cm and a diameter of 𝑑 = 557 μm, this
would result in a FWHM of the Airy disc of 51 μm. The diameter in this
comparison is chosen to be equal to the largest outer diameter of the set of
concentric ring-shaped electrodes of the liquid crystal lens. In reality a small
region around the electrodes still contributes towards the lensing operation,
so the chosen diameter is slightly underestimated, as well as the FWHM of the
diffraction limited spot. The FWHM of the focused spot shown in figure 5.13
is measured to be 72 μm, about 41% larger than that of the theoretical ideal.
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Fig. 5.12: Micrographs of (a) the PZT covered electrode pattern on the LC
lens, (b) a plane a distance of 4.4 cm away from the lens with the electrodes
all grounded, (c) a plane at the same distance as (b) but with voltages applied
from the “strong” profile of figure 5.9, (d) a plane at a distance of 7.4 cm from
the lens and (e) the same plane as in (d), but using the set of “weak” voltages
from figure 5.9.
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Fig. 5.13: Intensity profile radially integrated around the center of mass in
figure 5.12c. The unlabelled ticks mark the locations of the electrodes in
figure 5.12a.
5.5 Summary
This chapter continued exploring the benefits of high-𝜅 materials in multi-
electrode liquid crystal devices. Using the PZT that is prepared at the univer-
sity’s cleanroom facilities, a liquid crystal director profile is obtained in which
the director tilt is more easily affected further away from a series of widely
spaced electrodes. This allowed us to construct a lens-like device where a
series of concentric electrodes is responsible for tilting the director in order
to obtain a quasi-parabolic optical path length profile, similar to an actual
lens. Two advantages of this technique are the reduction of the amount of
addressing electrodes needed to switch the LC, as well as keeping energy
consumption low due to PZT’s dielectric nature.
Using one of the fabricated lens devices featuring eight concentric address-
ing electrodes that are spaced 30 μm apart, the electric tunability of the focal
length of this class of devices was demonstrated: a collimated laser beam was
focussed to a small spot 4.4 cm away from the lens using one set of voltages
and was refocussed to a position 7.4 cm away from the lens by applying a
different set of voltages. This variable focus property is of interest to handheld
devices like smartphone lenses and in medical tools such as endoscopes.
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6
Conclusions and Outlook
6.1 Conclusions
Liquid crystals are fascinating materials and their applications cover a whole
range of interesting and useful devices. In the work presented in this thesis,
three liquid crystal devices are studied: two devices allow light to be deflected
over small angles, the third can focus a beam of light to a narrow spot and the
focal length can be changed electrically. The former two are categorized as
variable blaze beam-steering devices, while the latter is known as a variable
focal length liquid crystal lens.
New technologies, such as photoalignment, were used in the fabrication of
these liquid crystal beam-steerers and lenses. They show that there is “plenty
of room at the bottom” to improve current liquid crystal technologies and
increase the application potential of liquid crystals. Non-contact liquid crystal
alignment technology is of particular interest to microstructured substrates
and sensitive electronics.
The angular steering range of liquid crystal (LC)-based technologies can
be easily doubled by working in reflection, as discussed in chapter 3. The
possibility of using liquid crystals to selectively switch between tunable angular
deflection or total internal reflection could open up new applications.
Two particular technologies stand out in this thesis. The first is the use
of hot-embossed microstructured substrates, which provides an interesting
route for upscaling industrial processing, because the substrates can be easily
replicated using soft-embossing and do not require complicated photolithogra-
phy, nor complex electric addressing. Second, the introduction of materials
with a high dielectric permittivity into liquid crystal multi-electrode devices
is a very interesting development: in this thesis, visual examples are given
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that illustrate the improvement of the director profile by adding a thin layer
of lead zirconate titanate (PZT) on top of widely spaced electrodes. Because
of it, the electric field distribution is smoothened between these electrodes,
which leads to a more gradual change in the director tilt. This illustrates that
these high-𝜅 materials could be used in certain liquid crystal applications
as a replacement for transparent conductive oxides, such as the commonly
used indium tin oxide (ITO). The addressing electrodes used in the LC lens
of chapter 5 are 6 μm wide, but their widths could be reduced to sub-micron
sizes, while maintaining a relatively large area over them where the electric
potential is quasi-constant. Better conductors than ITO could be used to
make such small electrodes. The four guidelines to improve the electric field
distribution when high-𝜅 materials can be used, formulated in chapter 4, can
be used when designing these next-generation electro-optical devices.
6.2 Future work
Throughout the design and manufacturing of the liquid crystal devices, a
number of improvement opportunities arose. Some were acted upon, like
using the available space on electrode masks more efficiently, while others
have not been (fully) explored.
For starters, the devices demonstrated in this thesis use a nematic liquid
crystal to introduce a gradient in the retardation of light. Because of this
material choice, the devices are inherently polarization dependent. The
recently developed polymer stabilized blue phase [1], a mesophase existing
between the isotropic and chiral nematic phase, is an interesting alternative to
tackle the polarization dependence problem, provided the voltages required
for switching the blue phase can be further reduced. I had the opportunity
to work several times during my thesis with blue phases [2–4], and was
interested in using it for the lenses. Because the average refractive index as a
function of applied voltage for a blue phase planar LC cell is very different
from that of nematics, the phase profile resulting from using blue phase in a
liquid crystal multi-electrode lens should be examined.
This leads me to a second point where I believe future work is required:
examination of the phase profile. I have regretted not being able to char-
acterize the image formation possibilities of the fabricated tunable LC lens.
Measurement of the phase profile using the interferometric setup from B-Phot
6.2. FUTURE WORK 141
would be very useful in this characterization. As shown in section 5.3.2,
the measurement result was not ideal and estimation of the focal length
was incorrect. Two approaches could be undertaken to solve this. The lens
shown in chapter 5 could be fabricated again, this time using only transparent
electrodes, which would allow light to pass through the lens at all positions
and thus enable a more complete reading on the phase, which might lead to a
better estimation of the focal length. The alternative approach would be to
reduce the width of the electrodes to achieve a similar effect.
The electrode width in many of the masks that I have designed was chosen
to be 6 μm, which leaves a safety margin for the lithography processing.
This seemed necessary at first, because the processed samples from many
lithography rounds using the Micro Controle MG1410 mask aligner from
SET showed many failures on patterns with a minimum feature size of about
2 μm. At a later stage, the Karl Suss MA6 mask aligner was used, which
resulted nearly always in perfectly patterned substrates, using the same mask.
The resist materials were the same in both lithography paths, processing
parameters were modified but not in the same extent as the modifications
made in the optimization rounds using the MG1410.
Finally, one of the lensing masks I designed features a series of “floating
electrodes”, electrodes that are not connected to any other. Researchers from
Kent State University have demonstrated that floating electrodes in a layer that
is vertically offset from the addressing electrode layer improves the potential
profile across the liquid crystal lens aperture [5]. The fabrication of electrodes
in multiple layers is challenging. In the mask I have designed, the floating
electrodes are in the same layer as the addressing electrodes. The combination
of PZT with these floating electrodes could provide an interesting research
track to obtain an even smoother electrical field gradient, but I did not get
around to doing it.
Tempus fugit.
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A
Appendix A
In section 3.1, the angle at which light emerges from the transmissive liquid
crystal blazed grating is calculated using Snell’s law and some geometrical
considerations. The angle of incidence is assumed positive and the ray is
incident on the device from the upper right quadrant of the figure.
The ray could also be incident from the upper left quadrant, as shown in
figure A.1. Assuming all indicated angles are once again positive in value, the
angle at which light emerges is given by a different formula than equation (3.3).
The geometrical considerations that lead to the emergence angle are:
In△𝐴𝐷𝐵 ∶ (𝜋/2 − 𝛿1 − 𝛼) + 𝛽 = 𝜋/2 ⇔ 𝛿1 = −𝛼+ 𝛽
In△𝐵𝐶𝐸 ∶ (𝜋/2 − 𝛾) + 𝛿2 + (𝜋/2 + 𝛼) = 𝜋 ⇔ 𝛾 = 𝛿2 − 𝛼
In comparison to equation (3.1), the only difference is that 𝛼 has obtained
a minus sign. Equation (3.3) for the emergence angle therefor becomes:
𝜃o = arcsin [
𝑛2
𝑛3
sin(arcsin{
𝑛1
𝑛2
sin [−𝛼 + arcsin(
𝑛0
𝑛1
sin 𝜃i)]} + 𝛼)]
Note that this result can also be obtained by simply substituting 𝜃i by −𝜃i
and 𝜃o by −𝜃o in equation (3.3). The sign merely indicates at which side of
the substrate normal the beam is propagating.
The influence of this sign change on the deflection angle is small, as
figure A.2 illustrates. Note that in figure A.2, the refractive indices of the
substrate and the liquid crystal are the same as those in figure 3.3, so that
the two figures can be compared easily. The angle of incidence, 𝜃i, in both
figures is positive, but has a different meaning though: in figure A.2, the ray
is incident from the upper left quadrant, whereas in figure 3.3 it is incident
from the upper right quadrant of the figure.
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Fig. A.1: Ray diagram showing the transmission of a beam of light through a
structure with an inner wedge.
Two differences stand out when comparing the first two columns of both
figures: the first is that𝛥𝜃o has obtained a negative sign. Given the definition
of 𝛥𝜃o in equation (3.4), a positive value means that a ray emerging from
the device will be directed at an angle, measured from the substrate normal,
that is larger when the ray experiences the extraordinary refractive index
of the LC than when the ray experiences the ordinary refractive index. The
appearance of the minus signs to the deflection angles in figure A.2, compared
to figure 3.3, therefor only indicates that the orientation sense is preserved
when the experienced refractive index of the liquid crystal changes from 𝑛e to
𝑛o, no matter if the ray emerges to the left of the substrate normal or to the
right.
The second observable difference between the two left columns of fig-
ure A.2 and figure 3.3 is that when light is incident to the device from the left
of the upper device normal, the influence of the angle of incidence is slightly
reduced.
Because there is only a sign change when considering light incident from
the left of the upper substrate normal, and that sign change only indicates
the direction from which light is coming relative to the normal or into which
direction light is propagating after emerging from the device, only positive
values of 𝜃i are considered in section 3.1.
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Fig. A.2: Comparison of the achievable deflection angle between the situation
where light travels from the LC to the grating substrate (left column: 𝛥𝜃LC→so )
and vice versa (middle column: 𝛥𝜃s→LCo ). The column to the right shows
|𝛥𝜃LC→so | − |𝛥𝜃
s→LC
o |, with negative values indicated in blue, positive values
in red. The figure differs from figure 3.3, because the light ray here is incident
from the left of the upper substrate normal.


